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PATENT  SECRECY  NOTICE 
Material  in  this  publication  relating  to 

LAMINATED  CHAMBER  COOLING  MEANS  AND  A  SLOT 
TUBE  INJECTOR  CONCEPT 

reveals  subject  matter  contained  in  U.  S.  Patent  Application  Serial 
No.  319,047  and  725,954  entitled  "High  Pressure  Rocket  and  Cooling 
Means"  and  "Slot  Tube  Swirler  Injector,"  respectively,  which,  have  been 
placed  under  Secrecy  Orders  issued  by  the  Commissioner  of  Patents. 

These  Secrecy  Orders  have  been  modified  by  a  SECURITY  REQUIREMENTS 
PERMIT. 

A  Secrecy  Order  prohibits  publication  or  disclosure  of  the  invention, 
or  any  material  information  with  respect  thereto.  It  is  separate  and 
distinct,  and  has  nothing  to  do  with  the  classification  of  Government 
contracts . 

By  statute,  violation  of  a  Secrecy  Order  is  punishable  by  a  fine 
not  to  exceed  $10,000  and/or  imprisonment  for  not  more  than  two  years. 

A  SECURITY  REQUIREMENTS  PERMIT  authorizes  disclosure  of  the  Inver,  tic. 
or  any  material  information  with  respect  thereto,  to  the  extent  set  forth 
by  the  security  requirements  of  the  Government  contract  which  imposes  the 
highest  security  classification  on  the  subject  matter  of  the  application, 
except  that  export  is  prohibited. 

Disclosure  of  these  inventions  or  any  material  information  with  respect 
thereto  is  prohibited  except  by  written  consent  of  the  Commissioner  of 
Patents  or  as  authorized  by  the  permits. 

The  foregoing  does  not  in  any  way  lessen  responsibility  for  the 
security  of  the  subject  matter  as  imposed  by  any  Government  contract 
or  the  provisions  of  the  existing  laws  relating  to  espionage  and  national 
security. 
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SECTION  IV 

TASK  -  SUPPORTING  DATA  AND  ANALYSIS 

A,  FIXED  FUEL  AREA  PREBURNER  INJECTOR 

1.  Introduction 

(C)  The  objective  of  the  fixed  fuel  area  preburner  injector  subtask  was 
to  design,  fabricate,  and  test  a  fixed  fuel  area  preburner  injector  that 
would  provide  a  temperature  profile  of  less  than  150°R  peak- to-ave rage  at 
an  average  temperature  of  2325°R.  The  injector  tested  had  252  dual-orifice 
tangential-swirl  oxidizer  and  fixed  concentric  fuel  area,  elements. 

2.  Summary,  Conclusions,  and  Recommendations 

(U)  The  fixed  area  preburner  injector  must  operate  on  cold  gaseous  hydrogen 
and  liquid  oxygen.  The  gaseous  fuel  allows  throttling  the  fuel  while  still 
maintaining  a  suitable  injection  velocity  due  to  the  compressible  fuel 
density  change.  On  the  liquid  oxygen  side,  a  dual  orifice  principle  was 
applied  to  a  slot  swirler  element  to  provide  suitable  injection  velocity 
over  the  throttle  range  for  the  essentially  incompressible  liquid  oxygen. 
The  slot  swirler  element  was  selected  because  of  its  excellent  very  fine 
atomization  and  mechanical  simplicity. 

(C)  Initial  water  flow  tests  of  the  liquid  oxygen  injection  element  were 
conducted  to  determine  the  element  discharge  coefficients,  cone  angle,  and 
stability  during  pulse  testing.  The  originally  selected  element  (0.095- 
inch  inside  diameter)  had  undesirable  vortex  instability  characteristics 
at  several  flow  levels.  Similar  teats  of  an  alternative  element  (0. 124- 
inch  inside  diameter)  showed  none  of  the  undesirable  features  encountered 
with  the  0.095-inch  inside  diameter  tube.  A  series  of  water  flow  tesca 
were  conducted  to  determine  the  significant  injection  element  geometry 
for  vortex  stability.  These  tests  showed  that  there  is  a  required  relation 
of  slot  area  to  tube  area  for  vortex  stability  in  the  injection  element 
(A  /A  <0.5)  as  well  as  that  required  for  the  element  to  meet  the  required 
&P  of  the  cycle. 

(C)  The  0.124-inch  inside  diameter  element  was  selected  for  the  fixed  area 
preburner  injector  with  slot  areas  to  provide  the  required  engine  cycle 
Injection  AP's, 

(C)  Fourteen  full-scale  preburner  combustion  tests  were  conducted  with  the 
fixed  fuel  area  preburner.  The  preburner  temperature  profile  was  signifi¬ 
cantly  improved  over  the  results  obtained  with  the  variable  area  preburner 
injector  tested  during  Phase  I  (Contract  AF04 (611) -11401) .  A  peak-to- 
average  combustion  temperature  profile  of  76°R  in  a  radial  plane  was  dem¬ 
onstrated  at  an  average  temperature  of  2388°R.  Damaged  oxidizer  elements 
in  a  section  of  the  injector  in  line  with  the  temperature  rake  in  a  second 
radial  plane  (thermocouples  No.  31  to  39)  distorted  the  temperature  profile 
causing  a  reduction  in  average  temperature  to  2325°R  and  subsequent  increase 
In  measured  peak-to-average  temperature,  of  215“R. 
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(C)  Four  ignition  tests  were  conducted  to  determine  if  the  preburner  would 
ignitj  with  a  secondary  helium  purge  flow  rate  and  the  low  engine  starting 
tank  head  flow  rate.  Successful  ignition  and  sustained  combustion  occurred 
during  all  four  teats.  Four  additional  testa  were  programmed  to  simulate 
the  engine  start  transients  from  the  ignition  flow  rates  to  the  20% 
flow  rate  level,  Purge  timing  during  shutdowns  was  adjusted  to  study  the 
best  engine  shutdown  sequence. 

(C)  During  testing  of  the  preburner  injector,  low  frequency  combustion 
instability  was  encountered  at  thrust  levels  below  257«  and  several  tests 
were  programmed  tc  obtain  data  on  influential  parameters.  An  analog  model 
of  the  preburner  injector,  combustion  chamber,  and  a  portion  of  the  test 
stand  was  constructed  to  determine  the  influence  of  various  parameters  on 
stability.  Water  flow  tests  of  the  injector  assembly  and  single  element 
test  rigs  were  also  made. 

(U)  It  was  concluded  from  the  test  data  where  high  pressure  drop  orifices 
had  been  installed  in  the  facility  lines  that  the  test  facility  line  volumes 
were  not  the  cause  of  the  chugging.  The  analog  model  that  duplicated  the 
test  results  of  frequency  ahd  amplitude  fairly  well  indicated  that  the  low 
secondary  pressure  drop  and  large  secondary  volume  contributed  significantly 
to  the  instability  and  that  reducing  the  liquid  oxygen  injector  secondary 
volume  would  detune  this  cavity  eliminating  the  instability. 

3.  Oxidizer  Element  Testing 

(U)  Tangential  slot  swirler  elements  are  mechanically  simple,  durable  and 
provide  excellent  atomization.  They  can  be  easily  manufactured  from  drawn 
tubirg  and  the  tangential  slots  accurately  electric  discharge  machined  into 
the  tube.  To  meet  the  throttling  requirements  of  the  preburner,  a  second  set 
of  small  "primary"  tangential  slots  were  added.  At  the  low  end  of  the 
throttling  range  a  reasonably  high  injection  pressure  drop  can  still  be 
maintained  across  these  small  "primary  slots".  The  larger  secondary  tangen¬ 
tial  slots  provide  flow  area  and  prevent  the  injection  pressure  drop  re¬ 
quirement  at  full  thrust  level  from  being  excessive  for  the  engine  cycle. 

(C)  Oxidizer  injector  element  inside  diameters  from  0.085-inch  and  larger 
with  the  proper  slot  sizes  will  satisfy  the  cycle  injection  AP  requirements. 
Test  elements  were  manufactured  with  0.085-,  0.095- ,  and  0.124-inch  inside 
diameters,  and  the  flow  passages  were  sized  to  fit  the  pressure  drop  of  the 
engine  cycle.  It  appeared  that  the  smaller  tube  diameters  would  keep  the 
hollow  vortex  gas  core  small  inside  the  element.  Larger  tubes  produce  larger 
injection  cone  angles  and  better  atomization.  The  dimensional  characteristic 
of  these  elements  to  meet  the  engine  cycle  AP  are  presented  in  Table  II. 
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(C)  (U)  Table  II.  Element  Dimensional  Characteristics 


Tube  P/N 

ID 

(in.) 

As. 

(in?) 

Ao_ 

(in?) 

Ag/A0 

Number 
of  Slots 

Primary 

Diameter 

(in.) 

Primary 

Holes 

Length 

(in.) 

AKS-5360 

0.085 

0.017 

0.00567 

3.0 

3 

0.0145 

2 

3.090 

AKS-5361 

0.095 

0.0103 

0.00709 

1.45 

3 

0.0145 

2 

3.090 

AKS-5362 

0.124 

0.0101 

0.0121 

0.84 

3 

0.0145 

2 

3.090 

(C)  The  sizing  of  tangential  slots  was  based  on  water  flow  element  discharge 
coefficient  data  shown  plotted  in  Figure  1.  With  the  element  inside  diameter 
and  total  secondary  effective  area  required  by  the  preliminary  engine  cycle, 
the  total  secondary  physical  area  for  an  element  can  be  obtained  from  the 
curve.  Earlier  experience  showed  that  slot  widths  of  less  than  0.015  inch 
were  difficult  to  manufacture  with  any  degree  of  repeatability,  while  slot 
widths-to-diameter  ratio  (W/D)  of  more  than  0.20  were  undesirable  with  the  re¬ 
quired  length- to-diame ter  ratio  (L/D)  because  of  deterioration  of  the  element 
spray  ctme  angle.  With  the  total  element  secondary  physical  area  slot  width 
limits  known,  it  was  possible  to  choose  the  number  and  length  of  the  secondary 
flow  passages.  Because  of  their  small  size,  the  major  portion  of  the  primary 
pressure  drop  occurs  across  the  primary  slota  making  the  primary  flow  insensitive 
to  any  small  changes  in  static  pressure  inside  the  element.  Therefore,  the 
primary  passages  were  sized  by  the  engine  effective  area  requirements  combined 
with  the  primary  discharge  coefficient  experience  from  earlier  testing. 


(U)  Figure  1.  Data  From  Prior  Tangential  DFC  65430 

Entry  Oxidizer  Element  Testing 

(U)  The  individual  oxidizer  elements  were  water  flowed  to  determine  individ¬ 
ual  effective  flow  area  and  cone  angles.  The  flow  testing  required  a  test  piece 
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that  (1)  contained  the  individual  oxygen  Injection  element,  (2)  separated  the 
primary  and  secondary  cavities,  and  (3)  provided  manifolding  in  the  slot  areas. 

(U)  The  first  flow  blocks  used  were  welded  units  containing  a  single 
oxygen  injection  element  with  the  primary-to-secondary  cavities  sealed 
with  braze  material  as  shown  in  Figure  2.  The  primary  «.nd  secondary 
manifold  heights  were  the  same  as  the  Bill-of-Material  injector  to 
simulate  the  pressure  distribution.  Pressure  taps  were  provided  inside 
the  manifold  flow  cavities  to  ensure  accurate  static  pressure  data.  For 
tests  requiring  gas  core  observation,  the  element  tip  was  removed  and  re¬ 
placed  with  an  optically  clear  lucite  adapter  as  shown  in  Figure  3.  The 
adapter  length  (1.9  inches)  wns  sufficient  to  enable  observations  of  the 
gas  core  behavior.  This  type  of  flow  block  was  used  for  all  liquid 
nitrogen  testing  because  of  its  positive  braze  seal  between  the  primary 
and  secondary  passages,  thus  eliminating  a  static  seal  p  oblem  at  cryo¬ 
genic  temperatures . 

(U)  For  repetitive  flow  testing,  a  quick-change  flow  block,  which  is  shown 
in  Figure  4,  was  used.  The  individual  primary  and  secondary  manifolds 
were  formed  by  separate  steel  details  bolted  together.  Rubber  O-rings 
were  used  to  seal  the  primary  from  the  secondary  cavities.  Injector 
primary  and  secondary  manifolds  were  simulated,  and  pressure  taps  inter¬ 
secting  the  manifolds  were  supplied.  Injection  elements  to  be  tested  were 
inserted  into  the  flow  block  and  held  in  place  with  the  locking  screw. 

Tubes  tested  for  gas  core  behavior  were  shorter  than  the  Bill-of-Material. 
Optically  clear  lucite  adapters  were  bolted  to  the  flow  block  to  provide 
the  additional  tube  length  and  means  of  gas  vortex  core  observation. 
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(U)  Figure  3.  Integral  Flow  Block  With  FD  25208 

Optically  Clear  Lucite  Adapter 

. —  Secondary 


(U)  Figure  4.  Quick  Change  Flow  Block  FD  25209A 


(U)  Pulse  chambers  were  made  for  water  and  liquid  nitrogen  pulsing  tests 
The  pulse  chambers  were  constructed  sc  that  the  element  flow  discharged 
into  a  closed  volume,  which  allowed  pressure  disturbances  to  bo  created 
at  the  element  discharge.  The  pulse  chamber  used  in  the  water  flow  test 
series  was  fabricated  from  optically  clear  lucite  and  bonded  with  epoxy 
resin.  This  design  allowed  observation  of  the  spray  cone  and  the  gas  cc 
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(U)  The  pressure  disturbance,  or  pulse,  was  created  inside  the  pulse 
chamber  by  a  burst  of  gaseous  nitrogen  supplied  through  an  electrical 
solenoid  valve.  The  magnitude  and  time  of  the  pulse  was  regulated  by 
trial  and  experience  adjustment  cf  the  valve  cycle  time  and  uds tream 
nitrogen  pressure.  Figure  5a  shows  a  typical  water  pulse  test  setup. 


(U)  The  liquid  nitrogen  pulse  tests  were  conducted  at  a  chamber  back 
pressure  of  100  psig  created  with  gaseous  helium.  The  back  pressure 
requirement,  plus  possible  thermal  stresses  from  the  iiqu id sni trogen 
bath,  required  that  the  liquid  nitrogen  pulse  chamber  be  fabricated 
from  stainless  steel.  Pulsing  of  the  chamber  was  accomnlished  by  a 
burst  of  gaseous  helium  supplied  through  an  electrical  solenoid  valve. 

The  magnitude  and  time  of  the  pulse  was  regulated  by  trial  and  experience 
a  jus trr.ent  of  the  valve  cycle  time  and  upstream  helium  pressure.  Fig¬ 
ure  5b  shows  a  typical  liquid  nitrogen  pulse  test  setup. 


(C)  The  discharge  coefficient  data  of  the  primary  and  secondary  on  the 
selected  elements  wore  obtained  bv  varying  the  element  pressure  drops 
from  25  lO  300  psi  in  25  psi  increments.  The.  dual  flow  discharge  co¬ 
efficients  were  obtained  by  setting  the  primary- to- total  mass  flow  rate 
ratios  (wp/wt)  between  0  and  100%.  The  single  and  dual  flow  calibrations 
for  the  0.095-  and  0. 124-inch  inside  diameter  elements  are  shown  in 
Figures  6  and  7,  resyec^iv._»y . 

(C)  To  verify  that  the  s., ,ng  of  the  0.095- .  0.124-,  and  0.085-inch  in¬ 
side  diameter  flow  pass  :s  were  in  accordance  with  Figure  1,  which  was 
based  on  earlier  dual  tangential  entry  data,  test  data  from  these  elements 
’•.■ere  plotted  as  shown  in  Figure  8. 
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(C)  Generally,  the  larger  the  spray  cone  angle  of  oxidizer  elements  the 
smaller  the  drop  size  of  the  spray.  Small  drop  size  promotes  more  rapid 
vaporization  and  better  mixing  between  the  oxidizer  and  fuel,  and  provides 
more  efficient  and  uniform  combustion.  It  Is  also  desirable  to  have  the  spray 
cones  impinge  slightly  prior  to  the  establishment  of  the  flame  front.  It  Is 
possible  to  predict  analytically  the  maximum  and  minimum  spray  cone  angle  and 
where  Impingement  will  occur  for  a  given  thrust  condition.  For  the 
fixed  fuel  area  injector  at  100%  thrust,  60  degrees  was  the  maximum  cone 
angle,  and  39  degrees  the  minimum.  The  predicted  impingement  was  <\680 


(C)  To  verify  that  the  predicted  spray  cone  angles  were  valid,  the 
0.085- ,  0.095- ,  and  0.124- inch  inside  diameter  elements  were  flowed  at 
the  20,  40,  and  60%  simulated  thrust  levels,  and  the  angles  recorded 
by  direct  observation  of  the  spray  above  a  graduated  template.  The 
spray  cone  angles  of  the  0.124- inch  inside  diameter  elements  are  shown 
in  Figure  9.  The  cone  angles  for  this  element  with  water  were  within 
the  predicted  limits  at  100%  simulated  thrust.  The  spray  cone  angles  of 
the  0.085-  and  0.095-inch  inside  diameter  elements  were  of  no  value  be¬ 
cause  of  a  fluctuating  gas  core  and  cone  angle. 


(U)  To  observe  the  size  and  movement  of  the  gaa  core  during  testing,  a 
plexiglass  tip  was  installed  on  the  element.  For  downstream  pulse 
testing,  this  tip  discharged  into  a  plexiglass  box  where  the  static 
pressure  could  be  forced  to  rise  anti  decay  10  psi  above  ambient  very 
rapidly  (250  milliseconds)  by  a  gas  pulse.  High-speed  movies  at 
300  frames  per  second  film  speed  were  taken  to  record  the  activity  of 
the  gas  core  during  the  pulse.  The  relative  change  of  the  gas  core 
diameter  gives  a  qualitative  rating  of  the  flow  stability  inside  the 
test  element. 
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(C)  Figure  9.  Cone  Angle  vs  Thrust  for  DFC  65434 

0.124-Inch  Element 

(C)  The  0.095-lnch  inside  diameter  element  was  the  first  element  to  be 
flowed  with  the  plexiglass  tip  and  pulse  box.  With  secondary  flow  alone 
and  dual  flows,  the  spray  cone  angle  was  observed  to  vary  from  the 
nominal  of  approximately  45  degrees  by  as  much  as  30  degrees  of  the 
included  angle.  The  secondary  manifold  pressure  fluctuated  by  as  much 
aa  5  to  10  psl  during  large' cone  angle  variations.  It  was  also  observed 
that  the  size  and  formation  of  the  gas  core  were  unpredictable  when  the 
primary  alone  was  flowing  at  less  than  250  psid,  or  when  the  secondary 
alone  was  flowing  at  lass  than  72  psid. 

(C)  When  the  0.095-inch  inside  diameter  element  was  pulse  tested  at 
20%  simulated  thrust,  a  primary  pressure  drop  of  320  psi  and  a  flow 
ratio  (wp/wt)  of  55%,  a  large  gas  core  was  observed  in  the  downstream 
portion  of  the  plexiglass  tip  with  no  visible  gas  core  in  the  upstream 
portion.  The  visible  gas  core  was  moving  axially  rapidly  and  erratically 
and  appeared  to  be  trying  to  form  completely  through  the  element  from 
the  discharge o  When  the  pulse  occurred,  the  gas  core  was  driven  up¬ 
stream  approximately  957.  of  the  length  of  the  plexiglass  portion  of  the 
element.  Immediately,  the  core  moved  downstream  and  was  discharged 
completely  before  recovering. 

(C)  At  40%  of  simulated  thrust  on  the  0.095-inch  inside  diameter  element 
and  at  a  primary  pressure  drop  of  460  psid  and  flow  ratio  (wp/wt)  of  27%, 
the  same  beb-  vlor  observed  at  207.  was  noted,  before,  during,  and  after 
the  pulse,  except  that  a  very  small  diameter  gas  core  was  observed  in  the 
upper  portion  of  the  element. 

(C)  At  60%  simulated  thrust  and  at  a  primary  pressure  drop  of  570  psid 
and  flow  ratio  (wp/vt)  of  17%,  a  large  diameter,  well  defined  gas  core 
was  observed  completely  through  the  plexiglass  portion  of  the  element. 
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The  pulse  did  not  visibly  effect  the  gas  core  end,  therefore,  there 
was  no  recovery  of  the  core. 

(C)  Preliminary  testing  on  the  0.124-inch  inside  diameter  element  re¬ 
vealed  steady,  well  defined  spray  cones  and  gas  cores  at  steady-state 
conditions  corresponding  to  20,  40,  and  607.  simulated  thrust  on  the 
pump-fed  test  facility.  Pressure  fluctuation#  of  1  to  1.5  psi  maximum 
were  noted  in  the  secondary  manifold.  To  determine  if  the  fluctuations 
in  secondary  cavity  pressure  were  inherent  in  the  element  or  if  the 
fluctuations  were  caused  by  the  pump-fed  facility,  the  test  rig  was 
moved  to  a  pressure-fed  test  stand.  The  steady-state  conditions  and 
pulse  testing  were  then  repeated  with  no  differences  in  the  observed 
or  recorded  data. 

(C)  At  20%  simulated  thrust  on  the  0.124-inch  inside  diameter  element, 
and  at  an  element  pressure  drop  of  320  psid  and  flow  ratio  (wp/wt)  of 
55%,  as  mentioned,  the  gas  core  was  complete  and  well  defined  at  steady- 
state.  When  the  pulse  occurred,  the  gas  core  was  deformed  and  then 
recovered . 

(f )  At  40%  simulated  thrust  and  at  an  element  pressure  drop  of  460  psid 
and  flow  ratio  (iJrp/wj)  of  27%,  the  steady-state  gas  cote  of  the  0.124- 
inch  element  was  well  defined.  The  pulse  had  no  visible  effect  on  the 
gas  core. 

(C)  At  60%  simulated  thrust  and  at  an  element  pressure  drop  of  570  psid 
and  flow  ratio  (wp/wt)  of  177.,  again  the  0.124- inch  Inside  element 
exhibited  a  steady,  well  defined  gas  core  at  steady-state.  The  pulse 
had  no  visible  effect  on  this  gas  core. 

(C)  Preliminary  testing  of  the  0.085-inch  inside  diameter  element 
exhibited  poorly  defined  or  unpredictable  gas  cores,  with  rapid  axial 
movement  at  all  conditions.  This  element  also  exhibited  1  to  1.5  psi 
fluctuations  in  the  secondary  manifold.  The  spray  cone  angle  varied 
as  much  as  30  degrees  from  the  nominal  of  approximately  45  degrees. 

This  element  was  dropped  from  consideration  and  no  pulse  testing  was 
conducted. 

(C)  Because  the  water  flow  testing  of  the  originally  selected  element 
design  (0. 095-inch  ID)  revealed  a  rapidly  changing  cone  angle  and 
visually  unstable  gas  core,  an  effort  was  made  to  correct  this  element 
instability  through  modifications.  This  testing  was  qualitative  in 
nature  because  a  fix  for  the  instability  was  sought,  and  not  necessarily 
the  causes  of  the  instability.  The  following  modifications  to  the 
original  element  design  were  tested  and  were  unsuccessful  at  stabilizing 
the  element  flow: 

1.  Length  reductions  of  3,  5,  8,  11,  15,  19,  23,  and  357. 

2.  Area  reductions  at  the  element  discharge  ranging  from 
14  to  27% 
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3.  An  area  reduction  of  27%  at  the  element  discharge  with  a 
reduction  in  length  of  0.125  inch 

4.  An  inside  diameter  of  0.120  inch  producing  an  As/A0 
ratio  of  0.965 

5.  An  inside  diameter  of  0.120  inch  and  a  37%  area  reduc¬ 
tion  for  the  last  0.800  inch  of  the  element 

6.  A  33%  secondary  slot  area  reduction  by  eliminating  one 

of  three  secondary  slots  leaving  two  slots  spaced  unequally 

7.  A  33%  secondary  slot  area  reduction  by  closing  1/3  of 
each  slot 

8.  A  33%  secondary  slot  area  reduction  by  having  two  equally 
spaced  slots 

9.  The  element  with  the  37%  area  reduction  opened  for  the 
last  0.800  inch  and  1/3  of  each  secondary  slo,t  closed 

10.  Top  and  bottom  edges  at  the  entrance  to  the  secondary 
slots  machined  to  provide  a  radius  and  a  curved  lead 
into  the  slots 

11.  All  entrance  edges  to  the  secondary  slots  machined  to 
provide  a  radius 

12.  Reduce  wall  thickness  in  the  region  of  the  primary  and 
secondary  slots  by  9,  29,  54,  and  68% 

13.  Inside  diameter  roughened  0.002- inch  deep 

14.  A  tube  inserted  to  eliminate  the  gas  core 

15.  Interchanged  location  of  the  primary  holes  and  secondary 
slots 

16.  Replaced  secondary  slots  with  32  holes  0.020  inch  in 
diameter. 

(C)  To  further  investigate  the  effect  of  the  secondary  flow  area  to 
the  element  area  ratio  (As/A0),  the  secondary  slots  were  modified  on 
two  different  0.095-inch  Inside  diameter  elements  to  yield  AS/AQ  ratios 
of  0.300  and  0.542  as  opposed  to  the  Aa/A0  ratio  of  1.5  on  the  original 
0.095-inch  diameter  element  design.  Flow  from  these  elements  were 
stable  when  tested  indicating  that  lowering  the  A8/Ac  ratio  yields  a 
stable  element. 

(C)  To  judge  the  stability  effects  of  primary  Biot  geometry,  a  0.124- 
inch  ID  tube  was  made  and  tested  with  one  primary  hole  of  equivalent 
area  to  the  two-hole  original  design.  The  element  flow  was  stable  and 
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the  cone  angle  was  constant  but  the  cone  angle  axle  revolved  in  a  circular 
pattern.  This  configuration  waa  conalderad  unsatisfactory  because  of  the 
•pray  cone  axis  shift  observed  during  teats. 

(C)  Another  modification  considered  was  a  typical  0.124-inch  ID  tube, 
except  for  a  0.095-inch  inside  diameter  the  last  0.300  inch  of  tube 
length.  This  configuration  proved  to  be  essentially  stable  during 
initial  tests.  Pulse  testing,  however,  showed  that  the  gas  core  was 
momentarily  eliminated  at  the  207,  and  407,  simulated  thrust  flow  points. 

The  core  was  not  affected  at  the  607.  thrust  flow  point.  The  configura¬ 
tion  was  considered  unsatisfactory  because  of  gas  core  behavior  during 
pulsing. 

(C)  Because  all  the  modifications  attempted  were  unsuccessful  at 
stabilising  the  element  flow,  and  only  one  alternative  design  (0.124- 
inch  ID)  indicated  stable  flow  on  water,  a  more  comprehensive  program 
was  initiated  to  determine  both  the  cause  of  element  instability,  and 
possible  corrective  action  to  the  fundamental  design, 

(C)  The  first  section  of  this  program  approached  the  cause  of  element 
instability  in  terms  of  element  geometry.  Past  performance  and  analytical 
data  had  shown  the  influential  parameters  to  be:  slot  width,  slot  length, 
element  inside  diameter,  slot  area  to  element  area  ratio  (A8/AQ),  and 
length  of  element  to  element  inside  diameter  ratio  (L/D).  Sixteen 
elements  were  fabricated  to  form  a  matrix  covering  these  parameters  at 
inside  diameters  ranging  from  0.075  inch  to  0.124  inch.  The  test  matrix 
is  provided  in  Table  III  and  the  dimensional  characteristics  of  the 
elements  Investigated  are  provided  in  Table  IV. 

(U)  Each  element  of  the  matrix  was  water  flowed  on  the  B-21  pressure-fed 
test  facility.  Two  individual  tests  were  conducted  on  each  element. 

The  first  test  consisted  of  visual  observations  of  the  spray  cone  angle, 
spray  cone  and  gas  core  stability,  pressure  fluctuations  in  the  primary 
and  secondary  manifolds,  and  flow  rate  fluctuations  while  flowing  the 
element  in  the  as  designed  length  configuration.  This  test  was  then 
repeated  with  the  length  of  each  element  reduced  by  approximately  357,. 
Because  of  geometry  of  the  test  rig,  examination  of  the  gas  core  could 
not  be  performed  during  investigation  of  elements  in  the  reduced  length 
configuration. 

(C)  Typical  test  conditions  during  the  first  test  on  the  matrix  elements 
included  flowing  at  primary  AP's  corresponding  to  the  207,,  407,,  and  607, 
thrust  levels  with  secondary  AP's  varying  between  zero  and  250  paid. 

Visual  observations  were  recorded  at  steady-state  points  within  this 
range, 

(C)  The  second  test  on  each  of  the  matrix  elements  consisted  of  water 
flow  calibration,  oscillograph  recording  of  primary  and  secondary  mani¬ 
fold  pressures,  and  high-speed  movies  of  the  spray  cone  and  gas  core 
while  flowing  the  element  in  the  Bill-of-Material  length  configuration. 
Flow  calibration  was  performed  at  flow  splits  (primary  flow  rate  to  total 
flow  rate,  Wp/wt)  of  8.757.  to  80%  and  high-speed  movies  were  taken  at 
the  20%,  40%,  and  607,  thrust  levels  while  at  the  corresponding  flow  splits 
Movies  were  also  taken  at  steady-state  points  ranging  above  and  below  the 
fore-mentioned  thrust  levels. 
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(C)(U)  Tabic  III.  Test  Matrix 
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(C) (U)  Table  IV.  Dimensional  Characteristics  of  Elements  Tested 


Element 

No. 

Number  of 
Secondary 
Slot.-* 

Length 
of  Slot 
(in.) 

Width  of 
Slot 
(in.) 

ID  of 
Element 
(in.) 

Area  of 
Slot  A. 
(in?) 

Area  of 
Tube  A. 
dn?)° 

Area 

Ratio 

Ag/A0 

L/D 

Short 

Config¬ 

uration 

L/D 

Long 

Config¬ 

uration 

A 

3 

0.361 

0.0102 

3.0950 

o.onio 

0.00710 

1.563 

20.31 

33.80 

R 

3 

0.150 

C.023 

0.0950 

0.01035 

0.00710 

1.458 

18.10 

31.60 

C 

4 

0.455 

0.0110 

0.1240 

0.0200 

0.01206 

1.658 

18.45 

30.00 

D 

3 

0.1997 

0.0315 

0.1235 

0.01887 

0.01198 

1.575 

14.31 

24.70 

E 

2 

0.328 

0.0104 

0.1205 

0.00696 

0.01138 

0.612 

15.75 

26.35 

F 

2 

0.108 

0.032 

0.1240 

0.00690 

0.01206 

0.572 

13.51 

23.80 

G 

3 

0.2734 

0.0111 

0.0855 

0.00909 

0.00571 

1.592 

21.58 

36.60 

K 

3 

0.085 

0.0320 

0.0860 

0.00616 

0.00580 

1.407 

19.25 

34.10 

I 

4 

0.4248 

0.0111 

0.0858 

0.01884 

0.00575 

3.276 

23.30 

38.20 

J 

3 

0.1780 

0.0320 

0.0870 

0.01707 

0.00592 

2.883 

20.01 

34.80 

K 

3 

0.4592 

0.0129 

0.1096 

0.01776 

0.00947 

1.875 

16.45 

30.01 

L 

3 

0.1676 

0.0270 

0.1120 

0.01356 

0.00983 

1.379 

15.50 

26.90 

M 

3 

0.2533 

0.0096 

0.1091 

0.00729 

0.00940 

0.776 

16.71 

28.50 

N 

3 

0.0948 

0.0027 

0.1095 

C. 00078 

0.00945 

0.082 

15.20 

26.90 

0 

3 

0.2140 

0.0102 

0.0763 

0.00654 

0,00453 

1.444 

23.40 

40.20 

P 

3 

0.1420 

0.0190 

0.0800 

0.00807 

0,00500 

1.614 

21.40 

37.40 

*A'l  element*  incorporated  tuo  primary  ;lota  <0. 013-inch  diameter  nominal)  upstream  of  the  secondary. 
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(C)  table  V  tabulates  the  results  obtained  from  the  test  matrix  section 
of  the  stability  program.  Figure  10  Illustrates  the  test  results  tabu¬ 
lated  In  Table  V.  The  following  conclusions  were  made  on  the  basis  of 
these  results: 

1.  Slot  width  is  not  significant  to  stability  when  the  slot, 
area  to  tube  area  ratio  (Ag/A0)  is  i.5. 

2.  Slot  width  is  significant  in  creating  stability  in  a 
0.110- inch  diameter  tube  with  an  A8/AQ  ratio  of  0.80. 

3.  Slot  widths  between  0.010  and  0.030  inch  are  stable  with 
a  0. 124-inch  diameter  tube  at  an  Ag/A0  ratio  of  0.542. 

4.  Tube  diameter  variation  between  0.075  and  0.124  inch  is 
not  significant  to  stability  at  an  AS/AQ  ratio  of  1.5. 

5.  All  tubes  of  0.095-inch  diameter  and  smaller  are  unstable 
when  their  Ag/A0  ratio  is  greater  than  0.80. 

6.  Reduced  tube  length  decreases  the  magnitude  of  instability. 

(U)  The  stability  investigations  showed  that  certain  elements  were  more 
stable  than  others.  To  confirm  these  results,  it  was  decided  to  flow 
selected  elements  with  liquid  nitrogen.  The  vapor  pressure,  surface 
tension,  and  temperature  of  liquid  nitrogen  are  similar  to  the  corres¬ 
ponding  properties  of  liquid  oxygen. 

(U)  The  liquid  nitrogen  flow  splits  and  differential  pressures  set  for  the 
various  test  points  were  the  same  as  the  corresponding  water  flow  tests. 
The  element  discharged  into  a  chamber  pressurized  to  100  psig. 

(U)  After  the  desired  liquid  nitrogen  flows  were  set,  movie  and  oscillo¬ 
graph  data  were  taken.  During  the  data  point,  a  10  to  15  psig  pulse  of 
helium  was  flowed  into  the  chamber. 

(C)  The  first  configuration  that  was  flowed  with  liquid  nitrogen  was  the 
original  design  0.095-inch  diameter  element.  These  were  conducted  at 
the  engine  cycle  primary  injection  pressure  (primary  upstream  pressure 
to  element  back  pressure)  and  secondary  mass  flow  rate  set  to  give  the 
cycle  primary  to  total  mass  flow  rate  ratio  corresponding  to  20%,  40%, 
and  60%  thrust  levels  at  an  engine  mixture  ratio  of  seven.  Chamber 
pulses  of  approximately  10  psi  above  steady-state  back  pressure  were  used. 
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(U)  Figure  10.  Element  Test  Matrix  Test  Results  FD  23225B 


(C)  The  movies  revealed  the  following  facts: 

1.  Gas  cores  exist  on  liquid  nitrogen  flows 

2.  Cores  were  unstable  at  20%  and  407.  thrust  level  at 
steady-s tate  conditions 

3.  Cores  were  eliminated  by  the  pulse  at  the  207.  and  407. 
thrust  level 

4 .  The  core  was  stable  at  607.  thrust  level 

5.  The  "ore  was  distorted  but  not  eliminated  at  607.  thrust 
level  by  the  pulse. 

(C)  The  oscillograph  data  showed  fluctuations  in  secondary  cavity  pres¬ 
sure  of  0.5  psi  at  207.,  1.0  psi  at  407.,  and  1.5  psi  at  607.  thrust  level 
points. 

(C)  The  second  configuration  tested  was  the  alternative  design;  0.124- 
inch  inside  diameter  element.  Tests  were  conducted  at  flow  rates  corres¬ 
ponding  to  20%,  40%s  and  607.  thrust  levels.  Each  thrust  level  was 
pulsed.  Two  other  tests  conducted  were  a  607.  thrust  volumetric  flow  and 
a  607.  secondary  sweep.  The  607.  thrust  volumetric  point  consists  of 
setting  primary  and  secondary  flows  corresponding  to  the  liquid  oxygen 
volumetric  flow  rate  according  to  the  engine  cycle.  The  60%  thrust 
secondary  sweep  consists  of  setting  607.  thrust  cycle  primary  injection 
pressure  (secondary  upstream  pressure  to  element  back  pressure)  from  zero 
to  400  psi. 
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(C)  The  movies  revealed  the  following  facts: 

1,  Gas  cores  were  large,  varying  from  55%  of  the  diameter  at 
20%  thrust  points  to  60%  ale  60%  thrust  volumetric  point. 

2,  Pulsing  at  207.  caused  an  enlargement:  of  the  core  by  5% 

■  of  the  diameter.  1 '  ■ 

3, v.  'Pulsing.., at  40%  and  60%  thrust  '.points  hod  no  .effect  on  ■  -  ; '  j! 

",  J  the  cores..'  ■'fej  .• 

■  4.  Corea  at  all  points  were  stable.  j;  J 

(C)  The . oavil  Ipgrahh  data  showed  'fluctuations  |n  secondary  «avl|ty  prpa*  :  1  ■ 
sure  of  0  psi  at  20%,  0.1  pel  at  40%,-  and  0.1  :>si  at  60%  thrust  level  points . 

(C)  Thei  'third  cPhfi'ruirAtion  tasted 'Was  ,0  .«tt0idi£'ji.cat|i:Qn  ftp  th*  ''' 

inslie  diameter  tipfcp.^/fhe  modlficatihiW;  wprejis  ’'fMlo^fPf.  ■  (1)  ;}jah;  atfe^ i,  , 
^edupi'^pn.''Waa;';i'ot|Wfp<itatled  in  the ;thhej!:!^.i:l|tQ  •iphh  |iftoni!|tpa;fph;|fJtj:;:to  jjap'  tpj  JJ 
sisht'dipmeteft 'Of  0.Q95  inch,  .(2)  the  allot  predi}.,  wajrij&  fthpftedfthdjliijjn  sjijfjijieij |yv jjjij 
24%  to  accommodate  the  0. 095- Inch  disnxpter/at  :%he  jftip'jtyhlte  ^ftftilngj'llilfhft Jjlj!', 
overall  element  pressure  drop  as  required  by  the  engine  -cycle'). JJ  '  Uj'li  lili 
.. •'  '  'i  "  ;  :  ;  *  ”  r!>-  if  "Ml;  ij  j-i 

v  '  .  S  .  ;|J  ;;  k-  ijjMi-  j  u.v..1: 

(C)  Teats  were  conducted  at  flows  corresponding  to  20%,  40%,  and  60%  ]  ;  Jj  , 

thrust  levels  plus  secondary  sweeps  at  40%  and  60%  levels. 

.  .  ■’  "  -  1  •_  l  'i  ,  ..  * '  i  ■'  "j 

(C)  The  nwvles  revealed  the  following  fact!?:  j 

1.  Gas  cores  could  exlsc  upstream  of  the  tube  tip  restrii 

tion.,  ,  ■  r  i i  ;,!  iii  '' ' I 

:  '  '  ■  '  :  1  i; '  .  •  ■ ! '  '  jjlt  |  :  | 

2.  The  gas  core  at  20%  was  relatively  small  (22%  of  tuba 
diameter)  and  slightly  unstable.  Pulsing  momentarily 
eliminated  the  eas  core. 

3.  The  gas  core  at  407,  war  still  small  (287.  of  the  tube 

diameter)  and  relatively  stable.  Pulsing  again  momentarily 
eliminated  the  gas  core,  >  Jj 

4.  The  gas  core  at  607.  was  small  but1  stable.  Pulsing  had 
no  visible  effect  on  the  gas  core. 

4.  Preburner  Rig  Testing 

■’  .  '  '  .  ■  ;  '  '  i1 

a.  Hardware  Description 

(U)  An  exlstlug  preburner  test  rig  fabricated  during  Phase  I  (Contract 
AF04 (611) -11401)  was  modified  for  use  in  testing  the  fixed  fuel  area 
prebumer  Injector.  Figure  11  shows  the  major  details  of  the  test,  rig 
including  the  oxidizer  dome,  preburner  oxidizer  valve,  combustion  chamber ,, 
back  pressure  simulator,  injector  assembly,  and  temperature  rakes. 
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(U)  The  oxidizer  dome  was  modified  to  eliminate  flange  leakage  and  thus 
permit  higher  rig  operating  pressures  than  were  possible  during  Phase  I 
(Contract  AF04(611) -11401)  tests.  Figure  12  shows  tne  oxidizer  dome  used 
in  these  previous  tests  and  the  modified  dome  used  in  the  current  tests. 
Th ?  modifications  included  a  thicker  flange,  larger  seal  vent  area,  a 
relief  cut  on  the  flange  mating  surface  to  move  the  bolt  reaction  more 
directly  in  line  with  the  pressure  source,  and  tensilized  stretch  studs 
for  higher  loads. 


(Origins!  Design) 


(Revised  Design) 


(U)  Figure  12.  Original  and  Revised  Oxidizer  FD  23472 

Domes 

(U)  The  preburner  oxidizer  valve,  which  controls  the  primary- to-secondarv 
flow  split,  was  basically  unchanged  from  the  configuration  used  during 
Phase  I  (Contract  AF04(611) -11401)  testing,  except  that  the  upper  and 
lower  piston  rings  were  replaced  with  balanced  piston  rings. 

(U)  Thu  combustion  chamber  liner  was  modified  by  reducing  the  distance 
from  the  outermost  injection  element  to  the.  chamber  wall  to  0.5  inch. 

(U)  The  back  pressure  simulator  was  modified  to  accept  inserts  of  various 
inside  diameters,  thus  allowing  a  wide  range  of  simulated  chamber  pressures. 


(U)  The  injector  assembly  was  an  existing  variable  fuel  area  housing  that 
was  bored  and  threaded  to  accept  the  fixed  fuel  area  injector  block 
assembly.  The  injector  block  assembly,  which  is  shown  in  Figure  13,  was 
a  brazement  composed  of  the  oxidizer  elements,  divider  plate,  oxidizer 
block,  and  the  Rigimesh  faceplate. 


(U)  Temperature  rakes  were  installed  in  two  circumferential  locations 
at  axial  distances  of  7  and  11  inches  from  the  injector  face. 
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(U)  Figure  13.  Freburner  Injector  Block  7DC  23221C 

,  .Assembly 


(U)  Figure  14  is  a  cross  section  o£  the  fixed  fuel  area  preburner  Injector 
and  the  following  paragraph  is  keyed  to  this  figure. 


(C)  Fuel  is  supplied  to  the  circular  fuel  manifold  (1)  by  the  fuel  system. 
The  fuel  then  flows  through  the  feed  holes  (2)  into  the  manifolding  (3) 
behind  the  faceplate  Rigimesh  and  is  metered  into  the  combustion  chamber 
through  annuli  (4)  around  each  oxidizer  element  (252  places).  Liquid 
oxygen  is  supplied  to  the  injector  from  the  preburner  oxidizer  valve,  which 
controls  and  meters  the  total  oxidizer  flow  to  primary  (5)  and  secondary  (6) 
flow  passages  in  the  injector  oxidizer  plate  (7).  The  two  oxidizer  flows, 
primary  and  secondary,  are  used  to  maintain  safe  injection  differential 
pressures  at  all  engine  cycle  points.  The  series  of  flow  passages  (5  and 
6)  delivers  oxidizer  to  the  primary  (10)  and  secondary  (11)  supply  mani¬ 
folds.  Oxidizer  flow  is  transferred  to  the  combustion  chamber  through 
individual  oxidizer  elements  (8) .  Bach  element  has  flow  entries  machined 
tangentially'  to  the  tube  ID  (9):  rectangular  slots  for  the  secondary  flow 
and  circular  holes  for  the  primary  flow.  Element  length  is  determined  by 
the  manifold  heights  of  the  fuel  (3)>  primary  oxidizer  (10),  and  secondary 
oxidizer  (1.1),  and  heights  of  each  are  kept  to  a  minimum,  consistent  with 
low  distribution  losses. 

(C)  The  concentric  fuel  annuli  of  this  design  act  as  fixed  orifices  as 
opposed  to  the  variable  fuel  metering  area  design.  Two  injector  assemblies 
ware  fabricated  for  this  test  program,  each  having  a  different  fuel  annuljus 
area.  The  initial  testing  (tests  No.  1.01  and  2.01)  was  made  with  a  fuel 
annulus  designed  for  200  psi  pressure  drop  at  the  design  point  of  100% 
thrust  mixture  ratio  of  7.  The  remaining  teats  were  made  with  a  fuel 
annulus  designed  for  400  psi  pressure  drop  at  design  point. 
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b.  Test  Facilities  and  Procedures 

(C)  The  fixed  fuel  area  preburner  injector  rig  was  tested  in  the  E-8 
test  facility.  A  plan  view  of  this  facility  la  shown  in  Figure  IS.  The 
E-8  teat  facility  permits  preburner  testing  to  chamber  pressures  of 
5000  pels.  The  preburner  control  configuration  is  shown  in  Figure  16. 

(C)  The  preburner  starting  sequence  was  initiated  by  diverting  the  re¬ 
quired  fuel  and  oxidizer  flows  from  a  preset  overboard  condition  to  the 
Injector.  The  diverted  fuel  end  oxidizer  were  then  allowed  to  stabilise. 
The  combustion  chamber  pressure  at  this  point  was  less  than  1%  for  tank 
head  ignition  taste  and  77.  for  other  tests. 

(C)  After  the  fuel  and  oxidiser  valves  were  in  position  and  wore  stabilized 
at  the  7%  level,  they  were  ewitched  to  flow  control.  The  run  tanks  were 
then  pressurized  to  the  operating  levels,  and  the  preburner  flows  were 
ramped  to  the  desired  equivalent  thrust  level  and  combustion  temperature. 

(U)  The  fuel  mixture  temperature  control  section  modulated  the  valves 
that  regulated  the  (2*2  flow  into  the  mixing  section  and  provided  the 
desired  Injector  fuel  temperature.  The  total  fuel  flow  was  determined 
by  measuring  both  the  gaseous  and  liquid  flow  rates;  however,  only 
liquid  flow  was  controlled  by  the  system. 

(U)  The  oxidizer  flow  was  also  closed- loop  controlled  through  the  computer 
with  the  necessary  timing  to  maintain  the  required  mixture  ratio  during 
the  transient. 


(U)  Figure  15.  Plan  View  of  E-8  Test  Facility 
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FD  21139A 


(U)  Wfcure  16.  Prebumer  Rtg  Control  System  FD  21 1360 

<U)  Starting  flows,  automatic  changes  of  flow  levels,  and  test  conditions 
other  than  those  scheduled  by  power  lever,  were  programmed  In  and  out  of 
the< control  by  the  digital  sequencer. 

c.  Test  Results 

(C)  Hie  test  objectives  were  to  evaluate:  (1)  temperature  profile, 

(2)  tank  head  Ignition  and  start  transient,  and  (3)  combustion  stability 
pulsing  with  80-grain  charges.  Both  the  200  psid  and  400  psld  injector 
assemblies  were  tested.  A  low  frequency  chugging  instability  was 
present  at  thrust  levels  below  25%  for  all  engine  mixture  ratio 
conditions. 

(U)  Pulse  guns,  as  shown  in  Figure  17,  were  used  to  introduce  the  pres¬ 
sure  upsets  in  the  prebumer  test  rig.  In  the  combustion  chamber,  pres¬ 
sure  upsets  were  caused  by  the  dissipation  of  the  high  pressure  gases 
from  the  gun  barrel.  The  intensity  of  these  gases  may  be  regulated  by 
charge  size  and  burst  disk  rupture  level. 


(U)  Figure  17.  Preburner  Rig  Pulse  Gun 
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(U)  Bach  teat  la  described  In  the  following  paragraphs.  The  measured 
parameters  are  summarized  In  Table  VI.  and  the  calculated  result#  are 
summarized  in  Table  VIX. 

(O  Figure  18  show#  the  injector  face  prior  to  test  1.01,  vhich  was  con¬ 
ducted  on  31  May  1968.  Data  at  five  of  the  six  planned  engine  cycle  data 
points  were  obtained.  The  test  was  advanced  before  the  lest  data  point 
condition  was  reached  becauae  of  excessive  combustion  temperature  result¬ 
ing  from  a  facility  oxidtser  valve  oscillation.  Data  re  taken  at  207. 
and  an  equivalent  engine  cycle  condition  for  mixture  of  '  6,  and  7 

and  at  607.  for  mixture  ratios  of  5  and  6.  The  chambt  a  pulsed  with 
80-grain  chargee  at  20%  for  mixture  ratios  of  5  and  7  at  60%  for  a 
mixture  ratio  of  3. 

(C)  Analysis  of  the  data  from  test  1.01  showed  that  although  combustion 
stability  was  essentially  insensitive  to  the  pulse  gun  discharges,  a  low 
frequency  (approximately  100  cps)  system  instability  occurred  on  the  ramp 
from  7%  to  20%  flow  levels  and  persisted  through  all  three  mixture  ratios 
at  20%  thrust  levels.  The  instability  in  chamber  pressure  was  limited 
to  150  psi  peak-to-peak.  On  ramping  from  207.  to  60%  the  instability 
stopped  and  did  not  recur  at  higher  thrust  levels .  The  maximum  peak- to- 
Aver  age  combustion  temperature  profile  at  the  20%  level  was  124°R  at  a 
mixture  ratio  of  7  as  shown  In  Figure  19.  At  the  60%  level  and  a  mixture 
ratio  of  6,  one  Of  the  oxidizer  pump  simulator  valves  (CV8)  was  required 
to  operate  on  a  portion  of  its  stroke  where  large  effective  area  changes 
are  made  by  small  valve  stroke  changes.  The  oxidizer  flow  control  system 
became  unstable  causing  combustion  over tempera ture .  The  test  sequence 
was  automatically  advanced  by  the  overtemperature  prior  to  attaining  the 
60%  thrust  level  and  mixture  ratio  of  7  steady-state  data  point.  The 
peak- to-aver age  combustion  profile  at  60%  level  was  119°R  at  an  average 
temperature  of  1848°R  and  a  mixture  ratio  of  6  as  shown  in  Figure  20. 

(C)  Pulse  guns  with  80-grain  charges  were  fired  at  the  207.  and  607.  thrust 
levels  on  test  1.01.  The  pulses  at  the  207.  and  mixture  ratio  of  5  and  7 
levels  caused  a  chamber  pressure  rise  of  292  and  302  psi  and  combustion 
recovered  to  normal  levels  in  10  and  6  milliseconds,  respectively.  The 
pulse  at  the  607.  and  mixture  ratio  of  5  level  caused  a  chamber  pressure 
rise  of  364  psi  that  dissipated  within  10  milliseconds.  The  firing 
of  the  pulse  guns  damaged  the  combustion  liner  in  four  places;  however, 
the  damaged  combustion  liner  was  suitable  for  use  on  test  2.01. 

(C)  Test  2.01  was  conducted  on  4  June  1968.  The  run  was  programmed  for 
data  points  at  a  mixture  ratio  of  5  at  207.  thrust  and  mixture  ratios 
of  6  and  7  at  1007.  thrust.  The  run  was  automatically  advanced  during 
the  flow  ramps  from  the  mixture  ratio  of  6  data  point  by  an  overtemperature. 
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(C)(U)  Table  VI.  Summary  of  Measured  Parameters  During  Preburner  Inj< 


T««C 

Ho. 

Thruat 

(X)<1) 

Data 

Rig  Ho. 
Build  Wo. 

Teat 

Our.  cion 
(etc) 

Ambient 

Praaaura 

(pat*) 

Oxld^aar 

Injector 

Inlet 

Temperature 

no 

Fuat 

Injector 

Inlet 

Temperature 

n> 

Liner 

Coolant  inlet 
Temperature 

no 

Ox id tier 
Injector 
Primary 
Inlet 

Preaaura 

(pale) 

pKldtaer 

Injector 

Secondary 

Inlet  1 

Preeaure 
(pete) 

* . 

1.01 

20 

31  Hay  I960 

33117-1 

35.9 

14<71 

191.9 

129.5 

129 

986 

713 

1.01 

20 

31  Hay  1968 

35117-1 

14.71 

192.1 

144.4 

144 

971 

699 

1.01 

20 

31  Hay  1968 

35117-1 

t4.71 

192.7 

150.2 

ISO 

934 

667 

>1.01 

60 

31  May  1968 

35117-1 

14.71 

189.3 

154.7 

155 

3401 

2806 

1.01 

60 

31  May  1968 

35117-1 

14.71 

189.  S 

164.2 

164 

3125 

2660 

a.  oi 

20 

4  Jun  1968 

35117-1 

29.4 

14.49 

196.0 

303.2 

303 

901 

670 

a.  9i 

100 

4  Jun  1968 

35117-1 

14.49 

181.6 

188.3 

188 

5171 

4801 

3.01 

20 

14  Jun  1968 

35117-2 

62.1 

14.73 

195.8 

134.6 

135 

1053 

619 

3.01 

20 

14  Jun  1968 

35117-2 

14.73 

196.8 

133. 1 

133 

904 

614 

3.01 

20 

14  Jun  1938 

35117-2 

14.73 

198.5 

131.3 

131 

700 

596 

3.01 

60 

14  Jun  19C8 

35117-2 

14.73 

191.2 

148.9 

149 

2783 

2349 

3.01 

100 

14  Jun  1968 

35117-2 

14.73 

186.4 

184.8 

185 

4322 

4270 

4.02 

97 

19  Jun  1968 

35117-2 

23.1 

14.69 

185.3 

149.9 

150 

5062 

4834 

2.01 

20 

27  Jun  1968 

35117-2 

31.1 

14.71 

170.5 

446.7 

447 

891 

630 

A.02 

20 

28  Jun  1968 

35117-2 

45.2 

14.74 

173.4 

95.4 

95 

030 

398 

***  Data  point  at 

percent  equivalent  engine 

thruat 

parameter®  During  Preburner  Injector  Testing 


Liner 

nlmt  Inlet 
iraparatura 
<**) 

Oxfdlaar 
Injector 
Primary 
Inlet 
*' raaaure 
(pete) 

Ctxldlaer 
Injector 
Secondary 
inlet 
ey  aura' 
(pale) 

Fuel 
Injector 
Inlet 
Proaaure 
(pa  la) 

Linar 

Coolant 

Inlat 

Praasura 

(pala) 

[■'  129 

ddl 

713 

745 

745 

|  144 

97i 

699 

729 

729 

fc  15  ' 

934 

667 

694 

694 

135 

3601 

2806 

2868 

2868 

f  164 

3125 

2660 

2682 

2682 

1  303 

901 

670 

753 

753 

I  lM 

5171 

4801 

4618 

4618 

, '  '  133 

1053 

619 

663 

663 

133 

904 

614 

665 

665 

1  131 

700 

596 

666 

666 

i  149 

2783 

2349 

2485 

2485 

‘  195 

4322 

4270 

4397 

4397 

I  150 

5062 

4854 

5092 

5092 

[  447 

891 

650 

892 

892 

;  95 

L _ — _ 

830 

598 

626 

626 

l 

i. 


Chaabar 

Static 

Praaeure 

(pale) 

Fuel 

Injector  AP 
(paid) 

Ox  Id  Mar 
Injector 
Primary 
AP  (paid) 

691 

32.2 

278 

685 

34.4 

285 

652 

30.0 

284 

2653 

106 

692 

2534 

/  «•* 

583 

644 

73.4 

246 

4285 

168.7 

929 

608 

80.3 

447 

611 

80.0 

307 

611 

76  1 

111 

2210 

217.8 

549 

3911 

388 

424 

4406 

526 

587 

639 

237 

242 

589 

35.1 

220 

Oxlditer 
In J act or 
Secondary 
AP  (paid) 


7.6 
10. 8 
10.2 

87.4 

90.4 

7.2 

403 

8.4 

6.6 

3. 9 

76.1 

283 

317 

4.0 

6.8 
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(C)(U)  Tab la  VII.  Summary  of  Calculated  Parameters  During 


31  Hay  IMS 
31  Hay  1968 
31  Hay  196* 
3)  Hay  1968 
31  ttaj-  1968 

••  Jun  1968 
i-  Ji'n  1968 

U  Jun  1968 
14  Jun  1968 
14  J*.,  1968 
14  Jun  1968 
14  Jun  I960 

19  Jun  19f S 

27  Jun  1968 

28  Jun  1968 


Rig  Ho. 
Build  No. 


35117-1 

33117-1 

35117-1 

35117-1 

33117-1 

35117-1 

35117-1 

35117-2 

35117-2 

35117-2 

35117-2 

33117-2 

35117-2 

33117-2 

35117-2 


Total 
Combined 
Flow  Rata 
(lb  /aac) 


Total  Fuel 
Flow  Rata 
(lb  /aac) 


Total 
Oltldlaer 
Flow  Rata 
(lbn/aac) 


Upper  Linar 
Fuel  Coolant 
Flow  Rata 
(lb  /aac) 


23.34 

14.43 

8.61 

0.21 

142.81 

65.32 

77.49 

0.99 

23.38 

14.40 

9.18 

0,19 

23.7* 

14.56 

9.18 

0.19 

23.8$ 

14.62 

9.26 

0.20 

77.77 

39.83 

37.92 

0.80 

128.57 

37.52 

71.03 

1.22 

152.08 

73.98 

71.10 

1.66 

24.76 

15.51 

9.25 

0.29 

23.96 

14.77 

9.19 

0.17 

Lower  Liner 
Fuel  Coolant 
Flow  Rata 

(lb_/e«c) 

Total  Linar 
Flow  Rata 
(Ib^/aac) 

Ovarall 

hlxtura 

Ratio 

Injector 

Mixture 

Rai-lo(0 

Ideal 

Twnperat 

(*R) 

0.21 

0.42 

0.64 

0.66 

1285 

0,18 

0.33 

0.75 

0.78 

1504 

0.16 

0.32 

0.88 

0.90 

1728 

0,54 

1.27 

0.82 

0.83 

167.8 

0.48 

1.02 

0.97 

0.99 

1881 

0.1$ 

0.40 

0.60 

0.61 

1390 

0.69 

1.68 

1.19 

1.22 

2272 

0.28 

0.47 

0.64 

0.66 

1290 

0.28 

0.47 

0,03 

0.6S 

1276 

0.29 

0.48 

0.63 

0.63 

1281 

0.71 

1.51 

0.95 

0,99 

1861 

0.94 

2.16 

1.24 

1.28 

2369 

1.13 

2.79 

1.00 

1.04 

1930 

0.26 

0.33 

0.60 

0.62 

1352 

0.26 

0.43 

0.62 

0.64 
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Inj actor  fuel  Flow  rata  -  total  Fuel  Flow  rata  -  total  linar  coolant  Flow  rata 
Baaed  v.n  Injector  mixture  ratio 

4T  >  maximum  temperature  -  average  taoparatura  at  It- Inch  location 
%*  *  (avwragw  tamp*  return /ideal  temperature)0  5  x  100 


Measured  temperature  baaad  or.  raka  Ho.  3 
Throat  Effective  Brea  •  6.620  In.2 
<7)  Throat  EFFeetiva  Araa  «  7.375  In.2 
Throat  RFFacttva  Araa  *  8.00  In.2 


(U)  Figure  18.  Injector  Face  Prior  to  Test  1.01 


FE  77800 


(U)  Figure  19.  Freburner  Temperature  Profile,  DFC  65190 
Rig  35117-1,  Test  1.01,  11-Inch 
Rake 
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(U)  Figure  20.  Preburner  Temperature  Profile,  DFC  65191 
Rig  35117-1,  Test  1.01,  11-Inch 
Rake 

(C)  The  acceleration  to  mixture  ratio  of  5  and  207,  thrust  level  was  mad 
with  the  fuel  inlet  temperature  held  constant  at  30C°R  instead  of  peine 
ramped  to  127°R  as  in  test  1.01.  This  was  an  attempt  to  determine  the 
effect  of  fuel  temperature  on  the  system  instability.  During  the  ramp 
from  7%  to  207,,  system  instability  was  encountered.  The  instability- 
persisted  through  the  207,  data  point  and  disappeared  on  the  ramp  to  100 
The  peak- to-average  temperature  on  the  acceptable  temperature  rake 
(thermocouples  No.  21  to  29)  at  a  mixture  ratio  of  5  and  20%  level  was 
25°R,  and  at  a  mixture  ratio  of  6  and  100%  it  was  75°R  as  shown  in  Fig- 
uic  21,  During  the  ramp  to  the  mixture  ratio  of  7  at  100%,  the  run  was 
automatically  advanced  because  of  high  combustion  temperature.  This  wa 
caused  by  the  large  oxidizer  valve  (CVS)  being  at  a  portion  of  the  stro 
where  little  or  no  effective  area  change  was  made  with  stroke  changes. 
As  a  result,  even  though  the  oxidizer  valve  was  closing  as  scheduled, 
trie  oxidizer  flow  was  not  reducing  as  required  to  match  the  reducing  £u 
flow  for  the  mixture  ratio  of  7  set  point  at  1007,  level. 

(U)  On  test  2.01,  two  of  the  combustion  temperature  rakes  in  the  same 
radial  plane  at  7-  and  11-inch  axial  planes  (thermocouples  No.  31  to  39 
on  1 1-inch  rake  shown  in  Figure  21)  indicated  a  reduction  in  ter-p./racur 
toward  the  chamber  outside  diameter.  These  rakes  had  not  shown  a  tem¬ 
perature  reduction  during  test  1.01,  which  indicated  that  the  injector 
had  been  damaged  cn  the  first  test. 
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(U)  Figure  21.  Preburner  Temperature  Profile,  DFC  65192 
Rig  35117-1,  Test  2.01,  11-Inch 
Rake 


(U)  The  teardown  inspection  revealed  approximately  35  oxidizer  elements 
burned  in  the  secondary  area.  Figure  22  shows  the  injector  face  after 
test  2.01,  and  Figure  23  shows  the  secondary  burning.  The  burned  elements 
in  most  instances  reduced  the  secondary  flow  area.  The  burned  elements 
were  concentrated  in  an  area  directly  in  line  with  the  temperature  rakes 
that  showed  a  reduction  in  temperature  at  the  chamber  outside  diameter. 
Consequently,  these  temperature  rakes  are  not  representative  of  the  actual 
injector  profile.  The  burning  of  the  oxidizer  elements  was  attributed  to 
aspirating  fuel  into  the  cavity  during  the  extended  fuel  lag  shutdown. 

To  prevent  this  from  recurring,  the  shutdown  fuel  lag  was  reduced  and  in¬ 
creased  oxidizer  cavity  purges  were  provided. 

(C)  The  preburner  rig  was  rebuilt  using  the  backup  injector,  which  was 
the  same  as  the  original  injector,  except  that  the  fuel  size  was  designed 
for  a  pressure  drop  of  400  psid  at  mixture  ratio  of  7  and  1004  thrust 
level,  instead  of  200  psid.  Figure  24  shows  the  face  of  the  backup  in¬ 
jector  prior  to  test  3.01. 

(C)  Test  3.01  was  conducted  on  14  June  1968.  This  test  was  programmed 
for  data  points  at  a  mixture  ratio  of  5  at  2071  thrust  level,  a  mixture 
ratio  of  6  at  60%  thrust  level,  and  a  mixture  ratio  of  7  at  100%  thrust 
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(U)  Figure  22.  Injector  Face  After  Test  2.01 


FE  77966 


(U)  Figure  ?3.  Injector  Secondaty  Burned  FE  77998 

Area  Afcer  Test  2.01 
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FE  78185 


(U)  Figure  24.  Face  of  Backup  Injector 
Prior  to  Test  3.01 

(C)  Low  frequency  (approximately  100  cps)  system  instability  developed 
after  the  207.  level  flow  rates  had  been  attained  while  the  fuel  temperature 
was  being  lowered  to  cycle  set  point.  While  at  the  steady-state  207. 
thrust  levels,  the  preburner  oxidizer  valve  was  moved  to  give  primary- to- 
total  oxidizer  flow  splits  of  867.  to  457.  at  a  constant  cycle  point  fuel 
temperature.  The  system  instability  persisted  during  this  preburner 
oxidizer  valve  excursion.  The  instability  ceased  after  ramping  away 
from  the  207.  thrust  level  flow  rates  toward  607.  set  point. 


(C)  The  maximum- to-average  temperature  at  a  mixture  ratio  of  5  and  207. 
thrust  level  was  144°R  at  an  average  temperature  of  1266°R;  however,  the 
temperature  profile  deteriorated  with  an  increasing  flow  split  ..s  shown 
in  Figure  25.  This  effect  of  flow  split  on  the  temperature  profile  is 
attributed  to  the  result  of  built-in  injector  distribution,  which  is  a 
function  of  the  match  of  individual  oxidizer  primary  flow  area  to  the 
corresponding  fixed  fuel  annulus  area.  This  is  substantiated  by  the  fact 
that  the  profile  was  not  symmetrical .  The  injector  was  assembled  by 
matching  the  oxidizer  total  element  area  with  the  fuel  annuli  based 
on  the  water  calibration  of  the  individual  elements  prior  to  assembly. 
Oxidizer  element  primary  area  variation  was  177.  total  span  with  767.  of 
the  elements  falling  in  a  67.  band.  No  attempt  was  made  to  match  the 
primary  area  to  its  respective  fuel  annulus  thus  explaining  the  deteriora¬ 
tion  in  profile  with  increasing  flow  split. 


(U)  Figure  25.  Preburner  Temperature  Profile  DFC  66774 

With  iPrimaryfto-Totel  OtKidieer 
Flow  Split  Variation;  Rig  35117-2, 

Test  3.01,  11-Inch  Rake 

(C)  The  maximum- to-average  temperature  at  a  mixture  ratio  6f  6  and  60% 
thrust  level  was  ill’s  dt  an  average  temperature  of  1793°R.  The  maximum- 
to-average  temperature  at  a  mixture  ratio  of  7  and  1007,  thrust  level  was 
215°R  at  an  average  temperature  of  2325°R.  (See  Figure  26.) 
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(U)  Figure  26.  Preburner  Temperature  Profile, 
Rig  35117-2,  Test  3.01,  11-Inch 


DFC  65193 
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(U)  The  magnitude  of  the  peak-to-average  temperature  may  be  attributed  to 
fuel  leakage  around  the  faceplate  piston  rings  causing  low  combustion  tem¬ 
perature  at  the  outside  on  one  of  the  rakes.  The  modified  shutdown  and 
purge  procedure  worked  properly  with  no  indication  of  hardware  damage. 

The  procedure  used  wcs  to  bring  on  a  2  lb/sec  G’.lo  supply  and  s  0.6  Ib/cec 
GHa  supply  to  the  fui  l  side  at  shutdown.  A  small  GN2  supply  was  opened  to 
the  primary  end-secondary  oxidlrer  injector  cavities  at  shutdown.  One  and 
s  half  seconds  after  shutdown,  the  small  GN2  purge  was  calculated  to  have 
cleared  the  majority  of  oxidizer  out  of  the  injector,  and  at  this  time, 
a  0.25  ib/sec  GHe  purge  was  opened  to  the  primary  and  secondary  cavities 
to  create  approximately  10  psld  across  the  elements  without  causing 
excessive  over temperature.  At  2  seconds  after  shutdown,  the  2.0  Ib/katv 
GHp  purge  was  turned  off  to  clear  the  rig  of  any  fuel.  ‘ 

(C)  Test  4.02  was  programmed  for  100X  thrust  at  a  mixture  ratio  of  5 
Including  the  firing  of  a  pulse  charge.  The  test  was  automatically 
advanced  by  a  high  combustion  temperature  just  alter  the  top  of  the  < 
propellant  ramps  to  the  set  point.  The  pulse  charge  was  not  fired.  The 
test  was  advanced  because  the  liquid  hydrogen  run  tank  was  depleted, 
which  caused  the  fuel  temperature  to  rise.  '  The  gaseous  hydrogen  control 
valves,  which  are  on  fuel  temperature  control,  started  closing  in  an 
attempt  to  reduce  fuel  temperature.  This  combination  of  events  delivered 
low  fuel  flow  to  the  rig  causing  a  high  combuction  temperature  advance. 

The  cause  of  liquid  hydrogen  depletion  was  insufficient  topping  off  of 
the  liquid  hydrogen  tank. 

(C)  The  maximum- to- average  temperature  on  test  4.02  was  115°R  with  an 
average  temperature  of  1S»20°R,  at  97%  thrust  and  a  mixture  ratio  of  5. 

(See  Figure  27.) 
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(U)  Figure  27. 


Preburner  Temperature  Profile, 
Rig  35117-2 „  Test  4.02,  11 -Inch 


Rake 
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(C)  Tests  5.12,  6.01,  7.01,  and  8.01  ware  ignition  checks  to  determine 
If  the  preburner  would  Ignite  with  a  secondary  helium  purge  flow  rate 
(0.20  lb/««c)  end  the  low  engine  tank  head  flew  rete.  The  Ignition  fuel 
and  oxygen  flow  rates  were  both  below  1.0  Ib/eec.  All  four  ignition  testa 
successfully  ignited  and  sustained  combustion.  In  testa  5.12  and  6.01 
the  oxygen  was  programmed  to  lead  the  fuel  by  2  seconds.  Test  7.01  was 
a  repeat  of  test  6. Cl  with  the  oxygen  and  fuel  flows  opened  to  the  rig 
aimultaneously.  Theae  two  testa  showed  that  the  oxygen  to  fuel  timing  did 
not  influence  ignition  within  this  time  span.  Testa  7.01  and  8.01  were 
run  at  essentially  constant  total  propellant  flow  rate  and  constant  helium 
flow  rate  with  mixture  ratio  variations  from  1.0  during  teat  7.01  to  0.5 
during  teat  8.01.  The  flow  rates  for  teste  7.01  and  8.01  are  provided 
in  Table  VIII. 

(C)(U)  Table  Vllt.  Plow  Rates  for  Teste  7.01  and  8.01 


Test  Mo. 

He 

°2 

«2 

(Ib/aec) 

(ib/sec) 

(Ib/aec) 

7.01 

0.205 

0.56 

0.56 

8.01 

0.202 

0.35 

0.71 

(C)  Testa  9.01,  9.02,  and  9.03  were  liquid  oxygen  cold  flows  to  determine 
the  response  of  oxidiser  flow  to  the  rig  with  a  programmed  420  millisecond 
ramp  of  the  oxidiser  pump  simulator  valves  and  the  oxidiser  tank  pres¬ 
surised  to  1700  psla.  The  delivered  flow  rete  from  these  cold  flows  was 
matched  with  the  fuel  flow  rate  for  the  simulated  engine  start  transient 
from  Ignition  flow  rates  to  the  207.  flow  rates. 

(C)  Tests  9.04,  10.01,  11.01,  and  12.01  were  programmed  to  simulate  the 
engine  start  transients  from  ignition  flow  rates  to  the  207.  flow  rate 
level,  plus  a  fuel  temperature  excursion  from  ambient  temperature  to  cycle 
temperature  of  127°Ii  and  back  to  ambient  temperature.  The  rig  shutdowns 
for  these  tests  omitted  the  initial  low  flow  rate  nitrogen  purges  to  the 
primary  and  secondary  cavities,  but  instead  used  the  0.20  lb/eec  helium 
supply  to  purge  the  liquid  oxygen.  The  shutoff  valve  for  the  primary  and 
secondary  helium  supply,  which  previously  had  been  approximately  40  feet 
away,  was  close  coupled  to  the  rig  on  tests  9.04,  10.01,  and  11.01. 

(U)  Test  9.04  was  automatically  advanced  by  high  combustion  temperature 
after  2.75  seconds.  Test  10.01  was  automatically  advanced  by  a  low  com¬ 
bustion  temperature  after  2,0  seconds.  The  rig  ignited,  but  failed  to 
sustain  combustion.  Test  11.0?.  was  manually  advanced  by  a  low  combustion 
temperature  after  3.60  seconds,  again,  the  rig  ignited  but  bailed  to  sus¬ 
tain  combustion.  These  tests  showed  that  helium  was  being  delivered  much 
earlier  to  the  injector  with  the  helium  valve  close  coupled  to  the  rig. 

The  early  arrival  of  helium  influences  the  ignition  process  causing  unr 
sustained  combustion. 

(C)  Test  12.01  was  made  with  the  helium  valve  that  opens  the  helium  start 
purge  located  in  its  original  position,  approximately  40  feet  from  the  rig. 
Because  of  the  large  volume  between  the  helium  valve  and  the  rig,  the 
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helium  flow  rate  arrives  at  the  rig  after  i8nlfcion  h«  takenpl*ce*nd 
thus  does  not  affect  the  ignition  process.  T®8t\l2*°J /*" 
through  to  the  programmed  shutdown.  The  required  rapid  chamber  pressure 
rise  that  simulates  an  engine  start  was  attained.  The  chamber  pressure 

All  TA.  .pproxiiristely  4400  P.1/..C,  Sy.t« 

at  the  20%  flow  rates  as  the  fuel  temperature  was 

to  cvcle  set  point.  The  instability  began  at  approximately  290  R  fuel 
temperature.  The  instability  disappeared  at  230°R  as  f“*1  J*®p***tur* 
was  ramped  up  from  126eR  to  ambient.  The  effect  of  fueJ0lnJ*<:t5o;.  ***’ 
perature  on  the  temperature  profile  is  shown  in  Figure  28,  which 
reduction  in  profile  with  increasing fuel  temperature.  ^ t 

opens  the  helium  shutdown  purge  to  the  primary  and  -jeondary  ew! 

close  coupled  to  the  rig  as  in  teats  9.04,  10.01,  and  11.01.  The  close 
coupled  valve  delivered  the  full  helium  purge  flaw  rate 
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Oil  Figure  28.  Preburner  Temperature  Profile,  DFC  66721 

(  Rig  35117-2,  Test  12.01,  ll-I’ch 

Rake 

on  Tests  13  01  13.02,  13.04,  14.01,  and  14.02  were  programmed  for  fuel 

temperature  excursions  from  300°R  to  85°R  and  flow  divider  valve  ««£8lon8 
fron?  907  to  407.  primary- to -total  oxidizer  flow  splits  while  at  the  207. 
t\Z  race.0  For  these  test.,  orifice,  were  Installed  In  the  fuel  .nd 
oxidizer  stand  run  lines  just  upstream  of  the  rig.  The  orifices  ere  t 
a  high-pressure  drop  in  an  effort  to  isolate  the  volumes  in  the  stand 
run  lines  from  the  injector  cavities.  In  an  attempt  to  correct  the  high 
temperature  spikes  encountered  during  shutdown  purge  of  test  12.01,  the 
tests  were  made  with  the  close-coupled  helium  valve  opening  the  primary 

and '"seconder  y  purges  after  approximately  0.100  *  L 

to  allow  more  time  for  chamber  pressure  to  decline  and  the  fuel  me 
to  bleed  in  an  attempt  to  drive  the  mixture  ratio  above  stoichiometric  and 
thus  reduce  the  shutdown  temperature  spike. 
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(C)  Tour,*  13.01  through  14,01  were  unsuccessful  attempts  because  of  various 
control  and  operational  problems.  Test  14,02  was  a  successful  tset  to  the 
programmed  shutdown.  System  Instability  was  encountered  at  the  20%  level 
aa  fuel  temperature  was  ramped  down  past  290°R  to  the  cycle  set  point  of 
1278R.  The  preburner  oxldiser  valve  excursions  at  r  yds  temperature  did 
not  correct  the  system  Instability.  The  Instability  remained  as  the  fuel 
temperature  was  remped  from  127°R  to  290°R,  The  shutdown  on  test  14.02 
had  a  high  temperature  spike  even  with  the  delayed  opening  of  the  shutdown, 
helium  purge.  Figure  29  shows  the  injector  face  at  the  conclusion  of 
test  14.02. 


(U)  Figure  29.  Injector  Face  After  Test  14.02  FE  78445 


d.  Performance  Calculations 

(C)  The  characteristic  velocity  efficiency  computed  from  rtg  pressures  arvi 
flow  rates  had  an  average  value  of  approximately  99.5%  a3  shown  in  Fig¬ 
ure  30,  Figures  31  and  32  show  the  characteristic  velocity  efficiency 
based  on  the  average  combustion  temperature  at  the  7  inch  and  11  inch  loca¬ 
tions,  respectively.  The  results  of  both  i  iicate  an  average  YJC*  of 
approximately  100/«  with  a  scatter  band  of  ±4.  The  agreement  of  cal¬ 
culated  from  measured  combustion  temperatures  and  that  calculated  from 
rig  pressure  and  flow  rates  tends  to  verify  the  validity  of  combustion 
temperatures  and  the  method  used  to  calculate  average  combustion  tem¬ 
perature. 
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Figure  30.  Characteristic  Velocity 
Efficiency  Baaed  on  Rig 
Pressures  and  Flow  Rates' 


DFC  66722 


:  r  T~r  f 


rrrr 


-  o 

* 

o  »« 

Q  !><*  : 

i.  ;  T . i  " 

;•  i  . 

j  •  ; 

i  '  ;  •>- 

8 

.  © 

©  torn 

lodW.t.J 
b*  X  «>  1.114  1 

0  ^ 

!  '  i  :  . 

°  °® 

1  1 

G  o 

* 

PS 

•  3 

O; 

I-' 


1.7  0.»  O.*  1.0  1*1  \*t 

ittiEnvi*  kixwi*  tuvno 


(U)  Figure  31.  Charac teristic  Velocity 

Efficiency  Based  on  Combustion 
Temperatures  at  the  7-Inch  Rake. 
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(U)  Figure  32.  Characteristic  Velocity  DFC  66768 

Efficiency  Based  on  Combustion 
Temperatures  at  the  11 -Inch  Rake 

(U)  The  oxidizer  injector  secondary  effective  area  compared  well  with  the 
predicted  levels  determined  from  water  flow  tests  of  the  individual  ele¬ 
ments  and  showed  the  same  effect  of  flow  split  on  effective  area.  A 
comparison  between  preburner  rip,  results  and  the  levels  predicted  from 
water  flows  of  individual  tubes  are  shown  in  Figure  33.  Combustion  rig 
data  and  water  bench  calibrations  indicate  that  the  injector  used  on 
Build  1  had  a  secondary  effective  area  about  7%  smaller  than  the  injector 
used  on  Build  2. 

(U)  The  calculated  primary  effective  area  had  a  large  amount  of  scatter* 
particularly  at  low  flow  splits.  This  would  be  expected  because  slight 
errors  in  the  estimated  flow  split  will  result  in  proportionately  larger 
errors  in  the  primary  flow  and  primary  effective  area.  The  flow  split 
for  the  preburner  rig  tests  was  estimated  from  the  measured  preburner 
oxidizer  valve  pressure  drop  and  the  water  calibration  of  the.  preburner 
oxidizer  valve.  The  agreement  between  the  preburner  rig  test  data  and 
the  predicted  shape  of  the  secondary  effective  area  versus  flow  split 
curve  indicated  that  the  flow  divider  valve  calibration  provided  an 
acceptable  method  of  determining  secondary  flow  rate. 

(C)  The  oxidizer  secondary  effective  area  increased  slightly  with  an 
increasing  fuel  to  oxidizer  momentum  ratio  as  shown  in  Figure  34.  Data 
from  t:sts  3.01,  12.01,  and  14.02  were  used  with  data  points  corresponding 
to  207,  thrust  and  a  mixture  ratio  of  5.  All  points  were  obtained  with  a 
constant  preburner  oxidizer  valve  position  to  minimize  the  effect  of  flow 
split  on  effective  area.  A  slight  increase  in  flow  split  did  result, 
however,  when  momentum  ratio  was  increased  as  shown  in  Figure  35 .  This 
makes  the  increase  in  secondary  effective  area  with  momentum  ratio  slightly 
larger  than  is  indicated.  The  increase  in  oxidizer  effective  area  with 
increasing  momentum  ratio  was  contrary  >.o  the  trend  expected  and  that 
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experienced  during  Phase  I  (Contract  AF04 (6 11> -11401)  testing.  No  change 
in  the  primary  effective  area  with  '-hanging  momentum  ratio  was  observed 
as  shown  in  Figure  36. 

(C)  Two  fuel  injectors  were  tested.  Build  l  (tests  1.01  and  2.0i)  had 
an  injector  sized  to  provide  a  200  pst  pressure  drop  at  an  engine  thrust 
of  1007.  end  a  mixture  ratio  of  7.  Build  2  had  an  injector  sised  to 
provide  a  400  pat  pressure  drop  at  the  same  conditions.  The  calculated 
effective  area*,  are  shown  in  Figure  37.  The  scatter  in  the  Build  1  data 
was  caused  by  unexplained  injector  instrumentation  variations. 


(U)  Figure  33.  Oxidizer  Injector  DFC  66769 
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(U)  Figure  34.  Secondary  Effective  Area 
vs  Momentum  Ratio 
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(U)  Figure  35 . 


Primary- to-Total  Flow  Sulit 
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(U)  Figure  36.  Primary  Effective  Area  vs 
Momentum  Ratio 
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S.  Sterility  Investigation 

(C)  During  testing  of  the  prehurner  injector,  low  frequency  combustion 
instability  was  encountered  while  operating  at  the  207.  thrust  level.  To 
evaluate  the,  cause  ox  the  combustion  instability,  several  teats  were 
programmed  to  retain  data  on  the  suspected  influential  parameters.  An 
a.  alog  model  of  the  preburner  injector,  combustion  chamber,  aim  a  portion 
t.f  the  test  stand  was  constructed  to  determine  the  influence  of  various 
parameters  on  stability.  Also,  w*ter  flows  of  the  injector  assembly  and 
sirgle  element  test  rigs  were  made  in  an  attempt  to  relate  hct  firings  to 
water  flow  tests. 

a.  Special  Preburner  Rig  Tests 

(U)  Of  the  the  possible  causes  of  combustion  instability,  three  of  the 
conditions  could  be  controlled  to  some  extent  in  a  typical  preburner  test 
without  compromising  the  basic  test  objective.  The  three  conditions  were 
(1)  liquid  oxygen  flow  split  between  the  primary  and  secondary,  (2)  fuel 
temperature,  and  (3)  separation  of  the  test  stand  propellant  volumes  from 
the  preburnar  rig.  Portions  of  preburt\er  rig  tests  were  scheduled  to 
vary  these  parameters. 

(1)  Flow  Split  Evaluation 

(C)  At  the  207,  thrust  cycle  conditions  during  testa  3.01  and  14.02,  the 
oxidizer  primary- to- total  flow  split  was  varied  from  approximately  307, 
to  90/1  as  shown  in  Figure  38.  This  change  had  no  significant  effect  on  the 
combustion  instability  eve,  though  the  percent  effective  oxidizer  pressure 
drop  varied  from  47.  to  577.  of  preburner  pressure  os  shown  in  figure  39. 

In  the  injector  designed  during  Phase  I  (Contract  AF04(611) -11401) ,  it 
was  possible  to  eliminate  combustion  instability  by  increasing  the  per¬ 
cent  effective  oxidizer  pressure  drop  above  47..  Because  this  was  not 
true  with  the  current  injector,  it  was  concluded  that  thi3  fully  tangential 
dual  orifice  element  does  not  achieve  the  momentum  addition  at  the  sec¬ 
ondary  slot.  Therefore,  with  the  vapor  core  in  the  center  of  the  element,’ 
the  oscillations  in  the  preburner  pressure  bypass  the  high  pressure  drop 
primary  stream  and  come  into  direct  contact  with  the  low  pressure  drop 
secondary. 

(U)  The  range  of  primary  and  secondary  pressure  drop  is  shown  as  a  per¬ 
cent  of  chamber  pressure  in  Figures  40  and  ■’’l,  respectively.  The  primary 
pressure  drop  is  across  a  large  range,  but  the  secondary  pressure  drop 
varies  only  between  0.6  and  1,77.  of  chamber  pressure.  The  primary  pres¬ 
sure  drop  is  always  well  above  the  range  where  instability  occurs  when 
compared  to  past,  experience.  The  secondary  pressure  drop,  however,  is 
always  lower  than  that  required  for  stable  operation.  It  was  concluded 
that  the  low  secondary  pressure  drop  contributes  significantly  to  the 
instabilitv  and  the  h  gh  primary  pressure  drop  does  not  influence  the 
ins  tab  il  ity . 
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(U)  Soma  oscillations  i.u  the  oxidixer  Injector  almost  always  exist  either 
because  of  Inherent  instabilities  in  the  injector  cavities  or  the  possible 
interaction  between  the  oxidixer  spray  cone  and  the  surrounding  fuel  flow. 
The  repjMtoble  effect  on  the  frequency  by  changing  the  oxidixer  primary- 
to- total  flow  split  shown  in  Figure  38  indicates  the  oxidixer  injector 
affects  me  instability  to  some  extent. 

(2)  Fuel  .>mperatv<re  Evaluation 

(It)  Increasing  thn  fuel  injection  temperature  consistently  eliminated  the 
combunrioa  instability  as  shown  in  Figure  42.  Changing  the  fuel  injector 
effective  area  at  constant  temperature  by  changing  from  the  low  pressure 
drop  to  the  high  presaurb  drop  fuel  plate  did  not  affect  the  combustion 
instability  as  shown  in  Figure  43,  Therefore,  it  was  concluded  that  the 
fuel  temperature ,  arid  not  the  fuel  pressure  drop  or  velocity,  eliminates 
the  co novation  instability. 

(U)  The  moot  probable  theory  on  how  the  fuel  temperature  affects  the 
combustion  instability  in  that  the  increase  in  fuel  temperature  decreases 
the  comb  >;t ion  delay  enough  to  uncouple  the  preburner  combustion  from  the 
oxid.rer  injector.  -  v' 

(C)  During  test  12.01,  the  fuel  injector  temperature  at  20%  thrust  was 
varied  extensively.  Figures  4-4,  45,  and  46  are  traces  that  show  the 
path  and  the  effects  of  fuel  temperature  on  the  amplitude  and  frequency 
of  the  combustion  instability.  The  phase  relationships  are  also  indicated 
in  Figures  44,  45,  and  46.  The  only  two  consistent  phase  relationships 
observed  were  that  the  secondary  oxidizer  cavity  is  in  phase  with  the 
chamber  oscillations  and  the  fuel  manifold  is  180  degrees  out  of  phase 
with  the  combustion  chamber.  It  is  not  understood  what  hearing  this 
oarticular  phase  relationship  has  on  the  stability  problem.  However, 
the  frequency  of  the  parameters  was  not  always  equal  at  a  particular 
fuel  temperature.  When  frequencies  are  not  equal,  the  phase  relation¬ 
ship  between  the  parameters  is  constantly  changing,  which  lessens  the 
significance  of  phase  relationships.  Another  significant  item  is  the 
largo  reduction  iri  combustion  chamber  amplitude  at:  fuel  temperatures 
above  180°R. 
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(U)  Figure  44.  Fuel  Temperature  Effect  on  Amplitude 
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(U)  Figure  46.  Fuel  Temperature  DF  66709 

Effect  on  Fuel  Manifold 
Amplitude  and  Frequency 

(3)  Evaluation  of  Test  Stand  Volumes 

(U)  During  test  14.02,  high  pressure  drop  orifices  ( >  0.6  )  were  in¬ 
stalled  in  the  stand  lines  just  upstream  of  the  rig'  in  an  attempt  to 
isolate  the  test  facility  from  the  rig.  There  was  no  significant  change 
in  either  the  amplitude  or  the  frequency  of  the  combustion  instability. 

(U)  Preburner  injector  testing  during  Phase  I  ..Contract  AF04(611) -11401) 
showed  stable  combustion  at  approximately  the  same  flow  rates,  pressures, 
and  temperatures  with  the  identical  test  facility.  Table  IX  compares  a 
previous  test  with  cold  fuel  temperatures  with  a  recent  test. 
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(C) (U)  Table  IX.  Preburner  Test  Comparison 


Item 

Phase  I 
(Contract 
AF04(611) - 11401) 
Testing 

Current 

Testing 

Rig 

33447-5 

35117-2 

Test  No. 

49.01 

12.01 

Primary  Oxidizer  Pressure  Drop  (paid) 

50.7 

235 

Secondary  Oxidizer  Pressure 

Drop  (paid) 

15.0 

9.3 

Fuel  Injector  Pressure  Drop 

(psid) 

73.3 

83.0 

Fuel  Temperature  (°R) 

118 

147 

Fuel  Flow  (lbm/sec) 

11.9 

14.1 

Oxidizer  Flow  (lbm/sec) 

■3.7 

9.1 

Oxidizer  Primary- to-Total  Flow  Split 

0.22 

0.59 

Preburner  Chamber  Pressure 

(psia) 

474 

560 

Chamber  Pressure  Amplitude 

(psid) 

0 

±60 

Chamber  Pressure  Frequency 

(cps) 

“ 

90 

(U)  Based  on  these  observations  it  was  concluded  that  the  combustion 
instability  was  not  caused  by  the  test  facility. 

b.  Analog  Model  of  Preburner  Test  Rig 

(U)  Many  variables  that  could  strongly  influence  the  combustion  instability 
could  not  be  readily  controlled  in  a  special  test  or  changed  in  the  existing 
hardware.  An  analog  model  was  therefore  constructed  in  which  the  suspected 
variables  were  investigated  to  show  the  relative  influence  of  each  variable. 

(1)  Model  Formulation 

(U)  A  mathematical  representation  of  dual-orifice  oxidizer,  fixed  fuel 
area  preburner  rig  was  formulated  and  programmed  ou  the  analog  computer. 

The  formulated  system  is  illustrated  in  Figure  47,  Ihe  simulation  in- 
eluded  the  preburner  injector,  preburner  oxidizer  valve,  ccmbusticn 
chamber,  and  a  segment  of  the  stand  propellant  lines  feeding  the  injector. 
The  propellant  feed  lines  having  a  large  L/D  (fuel  =  6.,  oxidizer  «  70) 
were  formulated  as  a  distributed  system.  The  injectors  with  their  con¬ 
centrated  volumes  and  Low  L/D  were  represented  as  a  lumped  parameter 
system.  The  combustion  chamber  dynamics  were  represented  by  a  gas 
residence  time  constant  and  an  oxi.dizer  vaporization  delay. 

(2)  Program  Verification 

(U)  The  program  was  set  up  at  idle  thrust  (T fue i  ~  125°R)  to  attempt  to 
match  with  the  instability  of  tests  12.01  and  ^.02.  The  input  contained 
the  oxidizer  injector  effective  area  vs  flow  split  variation  in  Figure  33 
and  the  oxidizer  vaporization  delays  shown  in  Figure  48.  The  injector 
effective  area  characteristic  was  obtained  from  test  data  and  the  vaporiza¬ 
tion  delay  was  derived  from  a  relationship  from  NASA  TN  D-85I  and  modified 
as  influenced  by  oxidizer  velocity. 
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(U)  A  Clow  ipllt  and  fuel  femparatur*  excursion  was  run  on  tut  analog 
•emulation  with  tha  results  presented  in  Figure*  49  and  30.  The  anM®jg 
frequency  trand  aa  a  function  of  flow  split  agreed  with  the  tear 
with  a  alight  increase  with  Increasing  flow  split.  No  correlation  of 
amplitude  with  tha  test  data  tould  ba  made:  however,  the  analog  showed 
an  increasing  than  decreasing  amplitude  with  flow  split.  Aa  previously 
discussed,  no  conclusions  were  drawn  from  phase  relationships.  The 
analog  results  as  a  function  of  fuel  temperature  agreed  with  the  teat 
data  as  shown  In  Figure  SO. 

(U)  Phase  angles  (relative  to  chamber  pressure)  differed  somewhat  between 
the  test  and  the  analog.  The  test  data  showed  that  the  oxidizer  secondary 
was  always  In  phase  with  chamber  pressure.  The  analog  showed  the  oxidizer 
secondary  was  in  phase  at  low  fuel  temperature  (high  combustion  delay), 
but  the  phase  angle  Increases  with  fuel  temperature,  reaching  100  degrees 
at  300°R  fuel.  The  oxidizer  primary  phase  angle  varied  from  0  to  180 
degrees  during  test  with  no  apparent  correlation.  The  analog  showed  the 
oxidizer  primary  varied  SO  to  160  degrees  as  fuel  temperature  is  increased 
and  combustion  delay  decreased.  During  test,  the  fuel  manifold  was  con¬ 
sistently  180  degrees  out  of  phase  with  chamber  pressure.  The  analog  fuel 
manifold  had  a  phase  lag  of  60  degrees  A  comparison  of  phase  angles  is 
presented  In  Table  IX. 

(U)  The  inability  to  obtain  a  closer  match  of  phase  angles  could  be  in¬ 
fluenced  by  the  fact  that  the  high  response  instrumentation  was  not  flush- 
mounted  in  the  injector  cavities.  Instrumentation  passages  were  drilled 
through  the  injector  housing,  which  created  volumes  and  could  affect  the 
indicated  pressure  recording. 

(3)  Injector  Cavity  Volumes 

(U)  The  primary,  secondary,  and  fuel  injector  volumes  were- Varied  ...in  the _ 

analog  to  determine  the  effects  on  the  instability.  The  results  show 
that  a  20%  reduction  in  secondary  volume  will  stabilize  the  process  as 
shown  in  Figure  51 .  Variations  in  the  primary  and  fuel  volumes  had  only 
minor  effects  on  the  instability. 

(4)  Injector  Effective  Areas 

(U)  The  secondary  and  fuel  effective  areas  were  varied  to  determine  the 
effect  on  instability.  (See  Figure  52.)  A  reduction  in  secondary  area 
did  influence  the  instability;  however,  a  reasonable  change  in  area  (for 
cycle  considerations)  will  not  eliminate  the  instability.  A  reduction 
in  fuel  area  has  no.,  significant  influir.ee  or.  the  Instability,  while  an 
increase  of  approximately  607.  causes  the  analog  to  stabilize. 


0—0  Analog 

A  Te*c  J.01 


Fuel  Temperature  Variation 


(S)  Effect  of  Instability  on  Engine  Operations 


(U)  A  mathematical  simulation  of  the  250X  engine,  *  nlci.  Mas  programmed 
on  the  analog  computer  during  Phase  I  (Contract  APO ‘  < SI1) -1 1401) ,  was 
used  to  detannine  what  effects  preburner  Injector  tablltty  would  have 
on  engine  operation.  This  engine  simulation  was  developed  to  atudy  control 
systems,  therefore  it  contains  the  necessary  system  dynamics  (turbopump 
acceleration,  heat  exchanger  dynamics,  etc.)  that,  affect  starting,  throttling, 
and  shutdown.  The  simulation  is  complete  in  that  it  contains  all  the  turbo¬ 
pumps,  heat  exchangers,  propellant  lines,  combustors,  etc. 

(C)  The  engine  was  trimmed  at  idle  thrust  and  nominal  mixture  ratio. 

A  sine  wave  was  superimposed  on  preburner  combustion  pressure  of  such 
magnitude  to  produce  an  instability  of  ±70  psi  (±9%)  amplitude.  The 
frequency  of  this  sine  wave  was  varied  from  1  to  200  cps  to  investigate 
the  effects  on  the  engine.  The  external  forcing  sine  wave  applied  to 
the  preburner  chamber  pressure  was  used  to  obtain  the  preburner  Instability 
and  was  present  in  the  system  throughout  the  investigation.  Engine  feed¬ 
back  to  the  preburner  reduced  the  instability  such  that  the  forcing 
function  always  had  to  be  greater  than  the  resulting  instability. 

(U)  The  results  of  this  investigation  are  shown  as  amplitude-frequency 
plots  of  some  of  the  major  engine  parameters.  These  plots  are  included 
as  Figures  53  and  54.  Frequencies  of  75  to  150  cps  were  experienced 
during  tests  of  the  preburner.  At  this  frequency  level,  most  of  the 
engine  variables  have  attenuated  to  an  amplitude  of  approximately  1%, 

The  exception  to  this  are  those  variables  directly  associated  with  the 
preburner  injector  flows,  mixture  ratio,  combustion  products,  etc. 


(U)  Figure  53.  Predicted  Frequency  Response  DF  66718 
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(U)  Figure  54.  Predicted  Frequency  Response  DF  66719 


c.  Water  Flow  Correlation 

(U)  Water  flow  tests  were  conducted  on  the  injector  assembly  and  single 
element  flow  blocks  in  attempts  to  correlate  water  flow  with  hot  firing 
instability  through  pressure  fluctuations.  The  following  paragraphs 
describe  these  tests. 

(1)  Injector  Assembly 

(U)  After  the  preburner  test  series,  the  entire  preburner  injector  was 
water  flowed  With  high  response  instrumentation.  High-frequency  and 
high-amplitude  oscillations  existed  in  all  fuel  and  oxidizer  cavities. 
Further  investigation  showed  that  these  instabilities  were  present  in 
the  stand  system  (B-21)  even  when  the  injector  was  removed.  The  injector 
effective  area  was  simulated  by  hand  valves  in  the  stand  supply  lines. 
Water  was  flowed  through  tne  test  stand  juit  as  had  been  done  previously 
with  the  injector  in  plane.  Pressure  oscillations  with  high  frequencies 
and  amplitudes  were  recorded.  Table  XI  presents  these  data.  It  is  con¬ 
cluded  that  no  direct  correlation  could  be  made  between  preburner  hot 
firing  instability  and  preburner  injector  water  flows. 
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(2)  individual  Elements 

(U)  Even  though  a  direct  correlation  between  water  flow  frequencies  and 
amplitudes  did  not  exist*  the  possibility  remained  that  a  shift  in  pres¬ 
sure  oscillations  away  from  a  base  line  water  flow  would  indicate  a  co;  - 
bustion  stability  shift.  With  this  in  mind,  Individual  element  water 
flow  tests  were  designed  to  determine  if  the  vena  contracto  at  the  sec¬ 
ondary  tangential  slot  could  be  shifting  and  thus  causing'  the  pressure 
oscillations.  To  change  the  vena  contracts  characteristics,  the  sec¬ 
ondary  slot  entrances  were  rounded  in  steps  as  shown  in 'Figure  55.  The 
element  was  water  flowed  in  condition  1  (Bil 1-of-Mater ia 1)  to  establish 
a  baseline  frequency  and  amplitude  of  secondary  cavity  pressure  fluctuation. 
The  secondary  cavity  pressure  oscillated  at  150  ops  and  an  amplitude  of 
3  psid.  The  element  slot  was  reoperated  to  the  shape  of  condition  2. 

Water  flow  revealed  a  secondary  pressure  fluctuation  of  2.5  psid  at 
150  cps.  With  the  slot  revised  as  shown  in  condition  3  the  cavity  pressure 
was  2  psid  at  150  cps.  The  final  configuration,  shown  as  configuration  4,. 
gave  cavity  pressure  oscillations  of  2  psid  at  150  cps. 
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(U)  Figure  55.  Oxidizer  Element  Slot  Modifica-  FD  25236 
tions  for  Water  Flow  Testing 
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(U)  An  individual  element  GN2~water  flew  rig  chat  discharged  into  a 
pressurised  chamber  was  fabricated.  The  pressurised  chamber  allow*  the 
adjustment  of  the  density  of  the  Cftj  to  approach  that  of  hydrogen  in  the 
preburner.  Fuel- to- ox id leer  momentum  ratios  could  be  equated  with  GN2- 
to-water  momentum  ratios  with  the  GN2  flow  remaining  unchoked.  Flow 
conditions  were  varied  to  produce  a  range  of  momentum  ratio  from  0  to  20% 
and  a  primary- to- total  flow  split  range  from  0  to  100%  about  the  nominal 
conditions.  The  conditions  provided  in  Table  XII  were  established  as 
nominal  test  conditions. 


(C)(Uj  Table  XII.  Nominal  Test  Conditions 


E-8 

Combustion 

Tests 

B-21 

Flow 

Tests 

Primary  pressure  drop  (psld) 

235.0 

235.0 

Secondary  pressure  drop  (paid) 

9.3 

9.3 

Fuel  side  pressure  drop  (paid) 

83.0 

83.0 

Fuel  temperature  (°R) 

147.0 

540.0 

Fuel  flow  (lb/sec/element) 

14.1/252* 

14.1/252* 

Oxidizer  flow  (lb/sec/element) 

9.1/252* 

9.1/252* 

Primary- to- total  oxidizer  flow  split 

0.59 

0.59 

Chamber  pressure  (psia) 

560.0 

145.0 

Momentum  ratio  (fuel/oxldizer) 

12,7 

12.7 

*Total  injector  flow/no.  injector  elements 

(C)  A  base  primary  and  secondary  effective  area  was  established  by  cali¬ 
brating  the  element  with  no  GN2  flowing  through  the  fuel  injector.  The 
calibration  was  made  over  a  primary- to- total  flow  split  range  of  0  to 
100%.  This  calibration  is  presented  In  Figure  56.  The  momentum  ratio 
was  varied  by  varying  the  primary,  secondary,  and  fuel  side  pressure 
drops.  This  effect  of  momentum  ratio  on  primary  and  secondary  effective 
area  is  shown  in  Figure  57.  The  primary  area  change  at  nominal  momentum 
ratio  (12.7)  is  a  1.0%  area  change  for  an  8.0%  moment™  ratio  change. 

For  the  primary  alone  to  produce  an  instability  in  chamber  pressure  of 
10%  amplitude,  it  was  calculated  that  the  primary  flow  must  change  26.5%. 
This  results  in  a  momentum  ratio  change  of  19.8%.  This  slope  is  also 
presented  In  Figure  57.  Comparison  of  these  two  slopes  Indicate  that  it 
was  not  possible  for  the  momentum  influence  alone  to  have  caused  the 
observed  combustion  instability.  The  momentum  ratio  has  the  effect  of 
increasing  the  primary  area  over  the  base  area.  This  could  be  caused  by 
a  lowering  of  the  static  pressure  at  oxidizer  discharge  by  the  fuel 
velocity.  Data  from  the  combustion  tests  show  that  the  primary  injector, 
operating  under  nominal  conditions,  also  had  an  area  increase  of  approxi¬ 
mately  15%  above  base  calibrated  area.  Increasing  the  momentum  ratio  has 
the  effect  of  decreasing  the  secondary  area.  At  nominal  momentum  ratio 
(12.7)  the  secondary  area  is  being  reduced  at  the  rate  of  1%  area  change 
for  16%  momentum  ratio  Increases.  For  the  secondary  alone  to  produce 
107.  amplitude  in  chamber  pressure,  secondary  flow  must  change  40%.  This 


m  I :  ilVI 


requires  e  momentum  ratio  change  of  4.3?..  This  slope  le  also  presented 
in  figure  57.  Comparison  of  these  slopes  shows  that  It  would  not  he 
possible  for  this  Interaction  of  the  secondary  alone  to  cause  the  in¬ 
stability. 

(U)  the  fuel  injector  was  calibrated  with  CW2  with  no  flow  through  the 
oxidlser  element.  Momentum  ratio  was  varied  by  varying  primary*  sec¬ 
ondary,  and  fuel  pressure  drops.  The  chamber  pressure  wee  mslntelned 
as  necessary  to  prevent  the  fuel  pressure  ratio  from  exceeding  critical 
pressure  ratio.  The  momentum  was  found  to  have  no  influence  on  fuel 
effective  area  as  seen  in  Figure  58;  therefore  changes  in  fuel  area  could 
not  cause  injector  instability.  Upon  introduction  of  oxidlser  element 
flow,  the  fuel  area  reduces  5%  end  remains  at  this  level  throughout  the 
momentum  ratio  range.  This  phenomenon  is  unexplained  but  is  not  con¬ 
sidered  to  have  any  bearing  on  the  instability. 


(U)  Dynamic  pressure  instrumentation  was  installed  in  the  water-GNg 
flow  rig  (primary,  secondary,  fuel,  end  chamber)  to  measure  any  instability 
that  might  occur.  This  instrumentation  indicated  that  instabilities  of 
the  frequency  and  amplitude  observed  during  hot  firings  were  not  present. 


) 


(U)  Figure  58.  Oxidlser  K lament  Calibration  DFC  68229 

for  Injector  Flow  Teste 
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(C)  Table  XIII  presents  the  test  result*  of  the  Injector  area  change  par 
momentum  ratio  change  as  wall  aa  the  required  change  to  give  10%  chamber 
pressure  amplitude. 


(U)  Table  XIII. 

Injector  Area  Change 

Par  Momentum  Ratio  Change 

Test  Results 
(%/%> 

Required  for  10%  Chamber 
Pressure  Change 
<%/%) 

Primary 

1.0/-8.0 

26.5/-19.8 

Secondary 

1.0/-16.0 

40.0/-4.3 

Fuel 

None 

(U)  The  following  conclusion*  were  made  from  the  flow  test: 

1.  The  secondary  oxidizer  injector  effective  area  is  affected 
by  fuel  flow  but  the  simulated  effect  was  not  large  enough 
to  produce  the  observed  instability. 

2.  The  primary  injector  effective  area  is  also  affected  by 
fuel  flow,  but  the  effect  is  not  predicted  to  be  large 
enough  to  cause  the  instability. 

3.  The  fuel  effective  area  is  not  significantly  influenced 
by  oxidizer  flow  and  does  not  cause  the  instability. 
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B.  ROLLER  BEARING  DURABILITY  TESTS 

t.  Introduction 

(C)  The  objective  of  the  roller  bearing  durability  program  wee  to  evaluate 
SS  x  96.5  mm  roller  bearings  for  use  In  the  250K  fuel  turbopump.  Testing 
was  conducted  with  liquid  hydrogen  cooling  at  a  shaft  speed  of  48,000  rpm 
and  with  a  1700- lb  radial  load.  The  radial  load  requirement  resulted 
from  design  studies  of  bearing  loads  based  on  hydraulic  and  vehicle 
maneuver  loading,  and  the  pump  speed  was  established  by  the  engine  cycle 
studies.  Preliminary  bearing  tests,  during  Phase  I  (Contract  AF04(61l)-il401), 
indicated  that  it  was  feasible  to  operate  a  roller  bearing  at  these  condi¬ 
tions,  but  that  roller  end  wear  and  skewing  could  affect  bearing  repeata¬ 
bility  and  durability.  The  current  program  investigated  the  effects  of 
roller  length- to-diame ter  ratio,  roller  crowning,  internal  clearance,  and 
roller- to-side  rail  clearance  on  roller  end  wear  and  bearing  durability. 

The  ultimate  objective  of  the  program  is  to  conduct  10  hour  endurance 
tests  on  ten  sets  of  bearings. 

2.  Summary,  Conclusions,  and  Recommendations 

(C)  During  the  current  program,  which  accumulated  58.1  hours  of  test  time 
at  48,000  rpm,  tests  were  conducted  to  evaluate  the  effects  of  roller 
length- to-diame ter  ratio,  roller  end-to-aide  rail  clearance.  Internal 
clearance,  and  roller  crowning  on  roller  end  wear  and  bearing  durability. 

The  tost  matrix,  shown  In  Figure  59  graphically  shows  the  four  variables 
and  the  bearing  configurations  evaluated.  Table  XIV  is  a  summary  of  the 
bearing  tests  conducted  to  date  on  this  program.  During  all  the  tests, 
a  1700-lb  radial  load  was  applied  to  the  load  bearing  resulting  in  an 
approximate  1445- lb  radial  load  on  the  reaction  bearing.  Five  bearing 
configurations  (matrix  points  3,  22,  23',  27',  and  43’)  surpassed  the 
10-hour  goal  test  duration  at  the  design  operating  conditions. 

(U)  Because  of  the  limited  scope  of  the  bearing  program  and  the  many 
variables  being  evaluated,  conclusions  were  necessarily  made  based  on  a 
single  test  of  a  particular  bearing  configuration  unless  abnormal  test 
conditions  indicated  that  a  repeat  test  on  a  configuration  was  required. 

This  technique  was  used  to  Indicate  the  direction  on  the  test  matrix  for 
subsequent  tests  in  an  effort  to  reduce  the  investigation  to  the  more 
promising  area. 

(C)  Based  on  the  roller  bearing  tests,  it  appears  that  both  roller  end 
wear  and  skewing  can  be  minimized  or  eliminated  by  increasing  the  negative 
diametral  internal  clearance  and  increasing  the  side  rail  clearance  over 
the  normally  used  values.  The  0.005-inch  tight  fit  of  the  outer  race  on 
the  rollers  is  the  negative  diametral  clearance  required  to  maintain  a  load 
on  the  rollers  on  the  unloaded  side  of  the  bearing,  when  the  bearing  Is 
operating  at  design  conditions  and  fabricated  from  stainless  steel  alloy 
(AMS  5630).  Roller  skewing,  which  accounted  for  most  of  the  bearing  fail¬ 
ures  during  the  current  program,  was  not  found  to  be  related  to  roller  end 
wear  or  roller  end-to-slde  rail  clearance  if  sufficient  negative  internal 
clearance  was  incorporated  in  the  bearing. 
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(C)(0)  Table  XIV.  Summary  of  Roller  Bearing  Tests  (Continued) 
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(C)(U)  Table  XIV.  Summary  of  Roller  Bearing  Tests  (Continued) 


livalent  to  >0.0049  fit  of  stainless  steel  (AMS  $630)  outer 
ilea teat  to  >0.0052  fit  of  stainless  steel  (AMS  $630)  outer 
lirateat  to  -0.CC5©  fit  of  stainless  steel  (AW  5630)  outer 
■  1  valent  to  >0.0051  fit  of  stainless  steel  (AMS  5630)  outer 


(C) (U)  Table  XIV.  Summary  of  Roller  Bearing  Tests  (Continued) 


(C)  The  increased  length- to-d iame ter  ratio,  triple  crown  rollers  did  not 
demonstrate  the  anticipated  improvement  in  resistance  to  roller  skewing 
over  L/D  =  1 . 00C  single  crown  rollers.  The  longer  L/D  rollers  demons  crated 
more  skewing  tendency  than  the  L/D  =  1.0  rollers  with  the  same  internal 
clearance  and  side  rail  clearance  as  indicated  b v  a  comparison  of  matrix 
points  1  and  11.  Comparing  matrix  points  9',  47  ’ ,  and  27'  as  well  ns 
7',  43',  and  23'  confirms  this  trend.  (Refer  to  Table  XIV.) 

(C)  The  durability  of  a  bearing  configuration  with  a  0.005-inch  negative 
diametral  fit  (matrix  point  43')  was  initially  demonstrated  on  Build  3C. 

The  three  subsequent  tests  on  bearings  with  the  0.005-inch  negative  dia¬ 
metral  fit  were  terminated  permaturely  because  of  cracking  of  the  reaction 
bearing  outer  race.  An  analysis  of  the  cracked  races  indicated  that  the 
failures  were  the  result  of  flexing  stress  cycles.  The  solution  to  the 
outer  race  cracking  problem  appears  to  be  adjusting  the  ring  design  to 
keep  the  inside  diameter  in  compression  or  to  use  a  material  with  more- 
elongation  and  fracture  toughness  than  the  stainless  steel  (AMS  5630). 

An  outer  race  design  fabricated  from  steel  alloy  (AMS  6260  with  the.  inner 
diameter  carburized  and  hardened  has  demonstrated  12.6  hours  on  two  bearing 
without  failure,  and  9.9  hours  on  two  other  bearings  before  the  outer  race 
of  the  load  bearing  failed.  The  most  promising  bearing  configuration 
tested  used  stainless  steel  (AMS  5630)  inner  race  and  rollers;  an  outer 
race  guided  Armalon  cage;  a  steel  alloy  (AMS  6265)  outer  race,  single 
crown,  L/D  =  1.0  rollers  with  0.020  inch  roller  end-to- inner  race  side 
rail  clearance  and  0.0043  inch  negative  diametral  internal  clearance. 

It  is  recommended  that  bearings  of  this  configuration  be  used  in  the 
fuel  turbopump. 

3.  Analysis 

(C)  Based  upon  experience  gained  during  the  fuel  pump  technology  program 
under  Contract  NAS8-11714,  a  roller  bearing  configuration  was  selected  for 
Lhe  250K  fuel  turbopump.  The  spring  rate  and  capacity  requirements  of 
the  pump  design  necessitated  a  roller  bearing  to  provide  high  radial 
stiffness  to  minimize  instabilities  associated  with  rotor  bouncing  or 
rocking  modes.  The  design  speed  of  48,000  rpm  and  a  shaft  diameter  of 
55  mm  selected  for  the  fuel  turbopump  resulted  in  a  bearing  DN  require¬ 
ment  of  2,64  x  10°.  A  preliminary  calculation  of  the  radial  bearing 
loads  indicated  that  the  maximum  loading  occurs  on  the  front  fuel  turbo¬ 
pump  bearing  and  is  approximately  1700  lb.  Analytical  studies  indicated 
that  55  x  96.5  mm  roller  bearings  should  have  a  life  in  excess  of  the 
10-hour  life  requirement  at  this  value  of  load  as  shown  in  Figure  60. 

The  55  x  96.5  rm  bearing  is  the  same  as  bearing  B  in  Figure  60  except 
that  the  outer  race  has  been  thinned  to  96.5  mm  outside  diameter. 

(U)  After  conducting  screening  tests  or  several  roller  bearing  and  cage 
configurations  during  the  Phase  I  (Contract  AF04 (611) -  11401 )  pro^iSnij  the 
bearing  configuration  selected  for  test  evaluation  was  a  55  x  96.5  mm 
bearing  with  races  and  rollers  of  stainless  steel  (AMS  5630)  and  a  cage 
fabricated  from  Armalon,  The  roller  bearing  is  an  inner  race  flanged 
configuration  and  the  cage  is  outer  race  piloted.  The  cuter  race  is  a 
thin  ring  design  that  was  sized  to  permit  an  outside  diameter  clearance 
in  the  housing  at  operating  conditions  and  is  retained  by  a  lateral  load 


93 


CONFIDENTIAL 


across  the  end  faces.  This  feature  provided  a  stiff  spring  shaft  support¬ 
ing  arrangement.  The  flexible  outer  race  permitted  the  incorporation  of 
a  negative  into. nal  fit  on  the  rollers,  which  is  desirable  to  permit  more 
load  sharing  among  the  rollers,  thereby  reducing  the  roller  loads  and 
ensuring  that  the  rollers  are  never  completely  unloaded.  This  negative 
internal  clearance  also  provides  more  rotor  restraint  and  reduces  the 
hydraulic-mechanical  vibrator  interchange  on  the  turbopump. 


RADIAL  l.UAD  -  «h 

(U)  Figure  60.  Roller  Bearing  Fatigue  DF  52756 

Life  vs  Radial  Load 
(50,000  rpm) 


(C)  The  initial  testing  with  roller  bearings  operating  at  these  high 
shaft  speeds  and  radial  loads  indicated  that  roller  end  wear  was  most 
probably  the  failure  mode  that  would  prevent  obtaining  the  goal  duration. 
Subsequent  testing  showed  that  roller  end  wear  could  be  significantly 
reduced  if  the  inner  race  side  rail-to-roller  end  clearance  was  increased 
from  the  normally  used  0.001  inch  to  0.040  inch;  however,  roller  skewing 
resulted . 
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(U)  It  was  theorised  that  if  the  outer  race  could  be  used  as  the  guiding 
mechanism  by  using  its  deflection  to  conform  to  the  roller  crown,  and  if 
the  rollers  were  always  in  contact  with  both  the  Inner  and  outer  races, 
that  skewing  could  be  eliminated.  Because  the  existing  bearing  analysis 
programs  were  not  applicable  to  this  unique  bearing  configuration,  a 
computer  program  was  formulated  to  aid  in  the  understanding  of  the  bearing 
elements.  A  complete  description  of  the  computer  program  it  included  in 
the  Appendix. 

(C)  This  new  computer  program  indicated  that  a  radial  internal  fit  of 
approximately  0.005  inch  at  ambient  assembly  conditions  with  stainless 
steel,  rollers  and  races  was  required  to  maintain  sufficient  contact 
between  the  rollers  and  both  races  in  the  unloaded  zone  when  the  1700- lb 
radial ’toad  was  applied.  This  ambient  assembly  fit  is  adjusted  when  other 
race  materials  are  used  to  provide  an  equivalent  operating  condition. 
Testing  with  this  internal  fit  has  eliminated  roller  skewing,  and  roller 
end  wear  values  of  approximately  0.001  inch  have  been  obtained  after 
10  hours  of  testing.  Thlr  tight  internal  fit  has  caused  fsllure  of  some 
outer  races  and  it  ie  believed  that  these  failures  can  be  eliminated  by 
using  a  material  with  improved  fracture  toughness  and  elongation  such  as 
carburized  steel  alloy  (AMS  6260  or  AMS  6265)  or  an  outer  race  that  is 
maintained  with  a  compressive  surface  by  shrinking  a  ring  over  the  outside 
diameter  of  the  hardened  roller  track  material.  The  first  of  these  ap¬ 
proaches  was  investigated,  and  six  bearings  surpassed  the  goal  duration 
with  excellent  results.  Two  othera  completed  9.9  hours  before  one  outer 
race  failed  in  the  area  of  thermal  checks  caused  by  the  cage  contact. 

(U)  The  effect  of  surface  hardness  on  calculated  radial  roller  bearing 
life  is  based  on  the  following  equation: 


when  hardness  is  less  than  58 


C' 


when  hardness  is  over  58 


C*  -  C 

where: 


Rc  «  Rockwell  Hardness 
C  ■  Basic  Dynamic  Capacity 
Fe  **  Equivalent  Radial  Load 
L  “  Revolutions  x  10^ 

This  equation  is  from  T.A.  Harris,  Rolling  Bearing  Analysis.  John  Wiley  & 
Sons,  1966,  and  indicates  that  as  the  bearing  contact  surface  hardness  is 
decreased  from  a  Rockwell  Hardness  of  58  that  the  calculated  bearing  life 
is  also  decreased.  Because  the  carburized  surface  hardness  of  the  steel 
alloy  (AMS  6260)  outer  rades  is  in  the  Rc  59  to  61  range  it  is  anticipated 
that  the  life  of  these  races  should  be  approximately  the  same  as  the 
stainless  steel  (AMS  5630)  races,  which  have  a  hardness  in  the  Rc  56  to 
62  range. 
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4.  Hardware  Description 
a.  Bearing  Test  Rig 


(U)  The  rig  that  was  used  for  these  tests  was  the  same  rig  that  was  used 
in  the  tests  during  Phase  I  (Contract  AFQ4(61i)-1140l)  except  that  modifi¬ 
cations  were  made  to  the  load  bearing  mounting  and  to  the  drive  turbine 
labyrinth  seal  areas.  These  modifications  were  made  to  improve  the  align¬ 
ment  of  tha  load  bearing  and  to  improve  control  of  the  thrust  load  on  the 
turbine  ball  bearing. 

(C)  As  shown  in  Figure  61,  the  test  rig  consists  of  four  housings  that 
enclose  a  shaft  driven  by  a  radial  inflow  gaseous  nitrogen  turbine.  The 
shaft  is  supported  by  a  3 5 -mm  ball  bearing  (slave  bearing)  at  the  turbine 
drive  end  and  a  55-trcn  rollar  bearing  (reaction  bearing)  at  the  Opposite 
end.  The  test  load  is  applied  through  another  55-mra  test  bearing  (load 
bearing)  that  is  located  adjacent  to  the  reaction  bearing.  This  bearing 
test  rig  has  the  versatility  required  to  test  roller  bearings  with  length- 
to-diamater  ratios  of  1.000,  1.125,  and  1.250. 


(U)  Figure  61.  Roller  Bearing  Test  Rig  FD  19278H 

Cutaway 

(C)  The  test  rig  is  operated  at  a  shaft  speed  of  48,000  rpm  with  a 
1700- lb  radial  load  applied  to  the  shaft  through  the  load  bearing.  The 
load  bearing  is  mounted  in  a  flexure  unit  that  provides  axial  stiffness 
and  bearing  i  .grunent  while  offering  radial  flexibility  when  subjected 
to  actuator  i^ads.  The  radial  load  is  applied  by  a  pneumatic  actuator 
through  the  load  bearing.  The  reaction  test  bearing,  which  is  Just  aft 
of  the  load  bearing,  absorbs  857.  of  the  applied  radial  load  and  the 
turbine  ball  bearing  supports  the  balance  of  the  load  (15%). 


b.  Bearing  Configuration 

(U)  Figure  62  shows  the  basic  bearing  configuration  used  during  these 
tests <  A  common  width  was  used  on  the  inner  and  outer  races  to  minimise 
the  changes  required  to  the  test  rig  rotor  when  different  L/D  ratio 
rollers  were  tested.  The  roller  track  width  on  the  inner  races  was 
adjusted  by  grinding  the  side  rails  to  establish  the  desired  roller-to- 
side  rail  clearance  with  each  of  the  different  roller  configurations. 

Some  tests  were  conducted  with  inner  and  outer  races  that  were  0.8268- 
inch  wide  instead  of  0.935- inch  wide  because  these  races  were  available 
from  the  Phase  I  (Contract  AF04 (611) -11401)  program.  These  narrow  races 
were  used  on  the  following  bearings:  S/N  V-l,  V-2,  W-l,  W-2,  X-l,  X-2,  CC-l, 
CC-2,  EE-1,  and  EE-2. 

(C)  Four  types  of  stainless  steel  (AMS  5630)  rollers  were  used  in  the  bear¬ 
ing  program.  Single  crown  rollers  with  a  length- to-diame ter  ratio  of  1.000, 
and  triple  crown  roller  with  length- to-diame ter  ratio  of  1.000,  1.125,  and 
1.250  have  been  tested.  These  roller  configurations  are  shown  in  Figure  63. 
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(C)  Rollar  length- to-diame ter  ratio,  the  roller  end-eo* aide  rail  clearance, 
the  amount  of  negative  diametral  internal  clearance,  and  the  amount  of 
roller  crowning  were  the  variablea  to  be  evaluated  during  the  current 
program  teatlng  before  the  final  bearing  design  could  be  selected.  The 
negative  diametral  clearance  of  0.005  inch  was  found  to  minimise  the 
roller  end  wear  and  to  effectively  control  roller  skewing.  By  maintaining 
a  load  on  all  of  the  rollers,  the  beam  structure  of  the  outer  race  deformed 
around  the  elements  providing  roller  alignment  and  skewing  restraint. 
However,  the  negative  diametral  fit  did  adversely  affect  the  outer  race 
durability  because  of  the  sensitivity  of  this  hard  material  to  particle 
ingestion  and  irregularities  in  the  microstructure.  Substitute  outer 
race  material  of  steel  alloy  (AMS  6260  and  AMS  6265)  was  selected.  The 
inside  diameter  of  the  outer  race  was  carburised  to  a  depth  of  approximately 
0.043  inch  and  hardened  to  a  value  of  Rc  60.  The  core  of  the  outer  race 
was  maintained  at  a  hardness  value  of  Rc  40.  This  outer  race  configura¬ 
tion  was  selected  because  it  could  be  carburised  end  hardened,  which 
offered  a  hard-wear  resistant  roller  track,  and  it  put  the  inside  diam¬ 
eter  in  compression  to  minimise  the  effects  of  bearing  loads.  The  notch 
sensitivity  and  impact  resistance  of  the  outer  race  was  Improved  signif¬ 
icantly  with  this  material. 

c.  Test  Facility 

(U)  Testing  of  the  roller  bearing  teat  rig  is  being  conducted  on  the 
B-13  test  stand  shown  schematically  in  Figure  64.  Gaseous  nitrogen  is 
supplied  for  rig  purging,  for  turbine  drive,  and  for  actuating  the 
pneumatic  load  piston.  Gaseous  hydrogen  Is  used  as  the  final  prerun  rig 
purge  and  liquid  hydrogen  is  used  as  the  bearing  coolant.  Test  parameters 
such  as  bearing  outer  race  temperature,  speed,  vibration  levels,  coolant 
flow  rate,  coolant  supply  and  discharge  conditions,  and  load  are  monitored 
and  recorded. 

d.  Test  Procedures 

(U)  The.  general  test  procedures  that  were  used  on  this  test  program  were 
as  follows: 

1.  The  test  rig  was  purged  and  temperature  conditioned  to  a 
liquid  hydrogen  environment. 

2.  The  radial  load  was  applied  in  increments  as  the  rig  was 
accelerated  to  48,000  rpm. 

3.  The  abort  parameters  of  vibrations  and  outer  race  tem¬ 
peratures  are  monitored  to  ensure  that  vibration  levels 
remained  below  15g  and  to  defect  sudden  rises  in  bearing 
outer  race  temperature,  either  of  which  could  indicate  a 
bearing  failure. 
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5.  Test  Rasul Ci 

(C)  During  this  program,  tosts  vara  conducted  on  tha  roller  bearing  Cast 
rig  to  evaluate  tha  bearing  configurations  listed  in  Table  XIV.  Bight 
test  bearings  surpassed  the  goal  teat  duration  of  10  hours  at  design 
conditions,  and  four  other  bearings  completed  9.0  hours  or  more. 

(C)  The  same  test  bearings  were  incorporated  during  Builds  17  to  21  and 
accumulated  1.2  hours  and  4  cycles.  These  builds  were  used  primarily  to 
evolve  build  procedures  on  tha  modified  test  rig,  to  optimise  the  facility, 
and  to  develop  test  procedures.  The  Initial  roller  bearing  testing  of  the 
current  program  was  with  Build  17  of  the  bearing  test  rig.  The  configure* 
tlon  of  the  test  bearings  was  tha  sama  as  that  used  on  the  leet  Phase  I 
(Contract  AF04(61l)~1140l)  endurance  teat,  t.e.,  teat  matrix  pointa  1  add  2 
This  configuration  was  selected  to  establish  a  new  baseline  following  the 
rig  modifications  that  changed  the  load  bearing  mount  arrangement  end  the 
thrust  load  on  the  ball  bearing.  Both  test  bearings  incorporated  single 
crown  stainless  steel  (AMS  5630)  rollers  with  sn  L/D  of  1.000  stainless 
steel  (AMS  5630)  races,  0. 040-inch  roller  and-to-sida  rail  clearance  and 
outer- land-guided  Armalon  cages.  Negative  internal  clearance  was  Incor¬ 
porated  between  the  rollers  and  races.;  namely,  0.0038  Inch  on  the  load 
bearing  and  0.0027  inch  on  the  reaction  bearing  at  ambient  conditions. 

(U)  The  initial  test  of  the  current  roller  bearing  program.  Build  17, 
began  on  15  March  1968  and  was  terminated  on  18  March  1968  when  the  shaft 
locked  on  the  third  cycle  after  cooldown  to  liquid  hydrogen  temperature. 

The  teardown  Inspection  revealed  moisture  contamination  of  the  rig.  The 
test  rig  was  cleaned  and  reassembled  as  Build  18,  and  testing  was  initiated 
on  26  March  1968.  The  facility  and  rig  purge  procedures  were  modified  to 
prevent  moisture  contamination  between  tests  and  during  cooldown.  Testing 
of  Build  18  was  terminated  after  0.1  hour  at  design  speed  on  the  first 
test  cycle  because  of  high  vibrations  at  the  turbine  end  of  the  rig.  The 
teardown  Inspection  showed  that  the  slave  bearing  had  failed. 

(U)  The  test  rig  was  reassembled  with  the  same  test  bearings  used  in 
Builds  17  and  18  and  with  a  new  slave  bearing.  Testing  of  Build  19  began 
on  10  April  1968.  After  the  rig  was  accelerated  to  20,000  rpm,  to  permit 
final  flow  setting*  prior  to  accelerating  to  design  speed,  it  was  deter¬ 
mined  that  the  flow  split  to  the  test  bearings  was  unequal  and  the  test 
was  terminated.  Before  resuming,  test  facility  modifications  were  made 
to  the  bearing  coolant  vent  systems  to  permit  better  control  of  the 
coolant  flow  split.  Attempts  to  resume  testing  were  unsuccessful  because 
of  a  locked  shaft.  The  teardown  inspection  did  not  reveal  any  reason 
for  this  malfunction,  except  for  the  possibility  that  the  roller  ends 
were  jnnmed  against  the  inner  race  side  rails.  There  was  some  fretting 
on  the  outside  diameter  of  the  outer  race  of  both  test  bearings  and  some 
scuffing  of  the  roller  ends,  but  no  measurable  roller  end  wear.  A  series 
of  assembly  and  inspection  checks  on  the  test  rig  was  completed  in  an 
attempt  to  Isolate  the  reason  for  this  malfunction.  The  tests  indicated 
that  roller  bearings  with  tight  internal  fits  tend  to  track  with  the 
rollers  in  the  center  of  the  races  if  they  are  assembled  in  that  position. 
If  a  thrust  load  is  applied  to  the  shaft,  the  shaft  will  shift  axially  by 
an  amount  equal  to  the  internal  clearance  of  the  turbine  slave  bearing 
and  lock  up  with  the  rollers  of  the  reaction  bearing  against  the  side 
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rail.  Whan  chip  thrust  load  Is  released,  and  shaft  rotation  is  continued, 
the  shaft  returns  to  the  original  position  with  the  rollers  and  races 
centered.  If  the  bearings  are  assembled  with  the  rollers  against  the 
side  rails,  there  is  a  tendency  for  the  rig  to  lock  up  before  the  rollers 
become  aligned  in  the  center  of  the  races.  The  assembly  procedure  for 
the  teat  rig  was  changed  so  that  the  rig  wan  assembled  with  the  rollers 
of  both  bearings  aligned  in  the  center  of  the  races  and  with  the  turbine 
slave  bearing  in  its  rearward  position  to  maintain  the  shaft  in  this 
aligned  condition. 

(U)  During  all  tests  conducted  prior  to  this  time,  the  turbine  discharge 
had  been  throttled  to  provide  a  back  pressure  on  the  turbine  and  a  thrust 
load  on  the  shaft  in  a  direction  away  from  the  turbine  end.  Because  this 
back  pressure  on  the  turbine  was  maintained  by  manual  adjustment  of  the 
test  stand  valves  by  the  test  operator,  this  procedure  was  not  repeatable, 
and  there  were  periods  of  operation  when  the  shaft  thrust  loading  was  not 
in  the  desired  direction  or  of  the  desired  magnitude.  The  slave  bearings 
from  Builds  17  to  19  showed  tracks  on  both  sides  of  the  inner  race  indica¬ 
ting  a  change  in  thrust  load  on  the  shaft.  It  was  determined  that  if  Che 
rig  was  operated  without  throttling  the  turbine  discharge,  the  thrust 
loading  on  the  shaft  would  be  in  the  direction  toward  the  turbine  as  a 
result  of  the  pressure  from  the  bearing  cooling  flow  and  the  shaft  areas. 

If  additional  thrust  in  this  direction  was  desired,  it  could  be  obtained 
by  applying  pressure  in  the  bellows  seal  vent  compartment. 

(U)  As  a  result  of  these  findiugs,  Build  20  was  assembled  with  the  rollers 
and  races  centered  and  the  turbine  sieve  bearing  positioned  with  the  thrust 
load  toward  the  turbine.  The  direction  of  shaft  thrust  loading  was  reversed 
from  that  previously  used  to  allow  better  control  of  the  shaft  thrust  load¬ 
ing  by  regulating  the  pressure  in  the  seal  cavity.  The  outside  diameter 
of  the  outer  races  of  the  roller  bearings  were  silver  flashed  in  an  effort 
to  reduce  the  fretting  at  these  locations. 

(U)  Testing  of  Build  20  was  initiated  on  8  May  1968.  The  bearing  rig 
was  accelerated  to  design  speed  but  was  shut  down  after  recording  a  set 
of  data  because  there  were  high  turbine  vibrations  and  the  turbine  slave 
bearing  outer  race  temperature  was  rising.  A  teardown  inspection  indicated 
fretting  cf  the  shaft  spacers  on  the  turbine  end  of  the  rig  and  one  area 
of  rub  on  the  turbine  labyrinth  seal.  The  vibration  data  showed  that  the 
synchronous  vibration  (one  per  revolution)  increased  with  the  rig  speed. 

The  evidence  indicated  that  the  turbine  tie  bolt  did  not  have  sufficient 
stretch  to  keep  the  stackup  tight  at  operational  conditions.  The  turbine 
tie  bolt  torque  was  within  the  blueprint  limits  on  teardown;  therefore, 
it  appears  that  thermal  and/or  centrifugal  effects  cause  the  tie  bolt  to 
loosen  during  rig  operation. 

(U)  On  Build  21,  the  rig  was  rebuilt  with  the  same  test  bearings  that  were 
used  on  the  previous  tests,  a  new  slave  bearing,  and  a  new  design  turbine 
tie  bolt.  A  titanium  (AMS  4928)  stretch- type  tie  bolt  was  incorporated  to 
replace  the  Inconel  718  (AMS  5663)  bolt.  Testing  on  Build  21  was  attempted 
on  20  May  1968.  During  the  cooldown  of  the  rig,  two  rotational  checks  were 
completed  successfully  and  free  rotation  was  verified.  After  the  cooldown 
was  complete  the  rig  would  not  rotate  and  it  remained  locked  even  when 
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warmed  to  ambient  temperature.  The  shaft  was  freed  by  rotating  It  back¬ 
ward.  Another  attempt  waa  made  to  test  the  rig,  but  without  the  rotational 
checks  during  the  cooldown,  and  the  same  results  were  experienced.  A 
series  of  ambient  tests  was  then  made  that  revealed  that  If  the  shaft 
was  in  the  rearward  position  on  shutdown  that  the  turbine  did  not  have 
sufficient  breakaway  torque  to  start  the  rig.  If  the  shaft  waa  in  the 
forward  or  normal  operating  position  on  shutdown,  the  rig  would  start  up 
easily  with  the  turbine  drive.  The  rig  was  returned  to  assembly  for  a 
teardown  inspection,  which  revealed  no  change  from  the  previous  build. 

(C)  On  Build  22,  the  rig  was  reassembled  with  the  test  bearings  centered 
and  the  slave  bearing  0.007  inch  from  the  front  loaded  position  to  com¬ 
pensate  for  the  thermal  differences  between  the  shaft  and  housings  when 
the  rig  was  cooled  down  for  operation.  Thus,  both  the  slave  bearing  and 
the  test  bearings  would  be  in  their  normal  operating  position  after  rig 
cooldown.  Testing  of  Build  22  was  initiated  on  27  May  1968  and  terminated 
on  the  third  test  cycle  to  design  speed  when  a  temperature  rise  on  the 
reaction  bearing  outer  race  was  detected.  A  total  of  0.9  hour  test  time 
at  design  speed  was  accumulated  during  Build  22  with  a  total  of  7  cycles 
and  2.2  hours  accumulated  on  the  test  bearings. 


(U)  The  teardown  inspection  revealed  one  skewed  roller  in  the  reaction 
bearing  as  shown  in  Figure  65.  All  of  the  other  rollers  were  in  good 
condition,  as  shown  ifi  Figure  66,  with  an  average  roller  end  wear  of 
0.0004  inch  and  0.0008  inch  on  the  roller  with  the  maximum  wear.  The 
load  bearing  was  in  good  condition,  as  shown  in  Figure  67,  with  an  average 
roller  end  wear  of  0.0009  inch  and  0.0011  inch  on  the  roller  with  the 
maximum  wear. 
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(U)  Figure ‘65.  Disassembly  Condition  of  FE  77884 

Reaction  Bearing  (S/N  V-i) 

With  Turbine  End  of  Rollers 
Up  (Build  22) 
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FE  77883 


(U)  Figure  66.  Disassembly  Condition  of 
Reaction  Bearing  (S/N  V-l) 
With  Rear  End  of  Rollers  Up 
(Build  22) 
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(U)  Figure  67.  Disassembly  Condition  of  FE  77891 

Load  Bearing  (S/N  V-2)  With 
Turbine  End  of  Rollers  Up 
(Build  22) 
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(C)  Because  the  reaction  bearing  from  Build  22,  which  was  Identical  In 
configuration  to  the  only  Phase  1  (Contract  AF04(6ll)- 11401)  bearing  to 
surpass  the  10-hour  goal  duration,  did  not  repeat  the  durability  evaluation, 
the  subsequent  testing  through  Build  30  was  used  primarily  to  determine  a 
configuration  that  would  prevent  roller  skewing.  This  series  of  tests 
ended  with  Build  30  when  both  test  bearings  surpassed  12.8  hours  at  design 
operating  conditions. 

<C)  Build  23  of  the  bearing  test  rig  incorporated  test  bearings  with  stain¬ 
less  steel  (AMS  5630)  rollers  and  races,  Armalon  outer-race-guided  cages, 
and  the  standard  roller  end-to-slde  rail  clearance  (0.0007  inch).  The  load 
bearing  internal  clearance  was  0.0006- inch  tight  and  the  reaction  bearing 
Internal  clearance  was  O.OOOl-'inch  loose,  (matrix  points  29  and  30,  respec¬ 
tively).  Build  23  was  tested  on  6  and  7  June  1968  and  testing  was  terminated 
after  accumulating  four  cycles  and  2.0  hours  at  design  speed  when  the  outer 
race  temperature  on  the  turbine  slave  bearing  and  the  vibration  level  on  the 
turbine  end  increased.  The  teardown  Inspection  revealed  that  the  slave 
bearing  had  failed.  The  roller  bearings  were  in  good  condition,  although 
there  was  high  roller  end  wear.  The  average  roller  end  wear  was  0.0031  inch 
on  the  load  bearing  with  0.0062  inch  on  the  roller  with  maximum  end  wear. 

The  average  roller  end  wear  on  the  reaction  bearing  was  0.0064  inch  with 
0.0121  inch  on  the  roller  with  maximum  end  wear. 

(C)  Build  24  of  the  roller  bearing  teat  rig  Included  the  test  bearings 
from  Build  23  and  a  new  slave  bearing.  Build  24  testing  waa  conducted 
on  27  June  1968  and  was  terminated  after  accumulating  three  cycles  and 
0.9  hour  at  design  speed  when  the  outer  race  temperature  on  the  load 
bearing  increased.  The  teardown  inspection  revealed  that  one  roller  in 
the  load  bearing  had  failed  (skewed),  as  shown  in  Figure  68,  end  that  the 
inner  race  side  rails  had  heavy  spalling  as  shown  in  Figure  69.  Spalling 
was  also  found  on  four  rollers,  and  two  additional  rollers  showed  heavy 
end  scuffing.  The  average  load  bearing  roller  end  wear  was  determined  to 
be  0.0082  inch  (not  including  the  failed  roller)  with  0.0123  inch  on  the 
roller  with  maximum  end  wear.  The  reaction  bearing  had  two  rollers  with 
moderate  spalling  and  the  average  end  wear  was  0.0091  inch.  The  roller 
in  the  reaction  bearing  exhibiting  the  greatest  end  wear  had  0.0143-inch 
wear  and  was  one  of  the  two  rollers  spalled  as  shown  in  Figure  70.  The 
roller  end  wear  was  on  the  turbine  end  of  the  load  bearing  rollers  and  on 
the  rear  end  of  the  reaction  bearing  rollers.  The  high  end  wear  is  attrib¬ 
uted  to  the  coolant  flow  pressure  drop  across  the  bearings.  The  accumulated 
total  cycles  and  time  for  the  bearings  used  during  Builds  23  and  24  (matrix 
points  29  and  30)  are  7  cycles  and  2.9  hours  at  design  speed. 

(C)  Build  25  of  the  roller  bearing  test  rig  contained  stainless  steel 
(AMS  5630)  rollers  and  races,  Armalon  outer-race-guided  cages,  and  0.0016 
inch  roller  end-to-side  rail  clearances.  The  load  bearing  internal  clear¬ 
ance  was  0.0037-inch  tight  and  the  reaction  bearing  internal  clearance  was 
0.0026-inch  tight  (matrix  points  24  and  27,  respectively).  During  final 
torque  checks  of  the  rotor  prior  to  final  balancing,  it  was  determined 
that  excessive  torque  was  required  to  rotate  the  shaft  and  the  required 
torque  exceeded  the  drive  turbine  capability.  The  rig  was  disassembled 
and  roller  drag  on  the  inner  race  side  rails  was  confirmed  to  have  been 
the  cause  of  the  high  drive  torque  requirement. 


FE  78431 


(U)  Figure  70*  Disassembly  Condition  of 

Reaction  Bearing  (S/N  W-l) 

With  Rear  End  of  Rollers  Up 
(Build  24) 

(C)  The  configuration  of  Build  25A  was  identical  to  Build  25,  except  the 
roller  ertd-to-side  rail  clearances  were  increased  to  0.0097  inch  on  the 
load  bearing  and  0,0090  inch  on  the  reaction  bearing  (matrix  points  24* 
and  27',  respectively).  Build  25A  testing  began  12  July  1968.  The.. first 
test  cycle  of  0.8  hour  duration  at  rated  speed  was  successfully  com* 
pleted.  On  the  next  two  acceleration  attempts  of  the  rig,  the  shaft 
would  not  rotate.  The  shaft  was  freed  by  rotation  in  the  reverse  direc¬ 
tion  and  required  a  break-away  torque  of  80  in. -lb.  After  being  freed, 
the  rotating  torque  was  determined  to  be  5  to  7  in. -lb  in  the  direction 
of  normal  rotation.  Testing  was  continued  and  no  further  torque  problems 
were  encountered  during  the  subsequent  16  cycles.  Testing  was  concluded 
on  18  July  1968,  after  accumulated  17  cycles  and  9.7  hours.  During  the 
final  test  cycle,  all  three  vibration  readouts  increased  suddenly  and 
the  load  beaming  outer  race  temperature  increased.  The  teardown  inspec¬ 
tion  revealc  .  that  the  load  bearing  inner  and  outer  races  had  failed,  as 
shown  in  Figures  71  and  72.  The  load  bearing  rollers  were  severely  impact 
damaged,  as  shown  in  Figure  73,  and  one  roller  arl  its  cage  pocket  exhibited 
some  of  the  characteristics  noted  on  rollers  that  haa  skewed  during  previous 
tests.  Sufficient  roller  end  surface  remained  on  12  of  the  load  bearing 
rollers  to  permit  end  wear  measurements  and  an  average  of  0.00034  inch  and 
a  maximum  of  0.0017  inch  were  recorded  on  these  rollers.  The  reaction 
bearing  was  in  excellent  condition,  as  shown  in  Figure  74,  and  was  reusable. 
The  average  roller  end  wear  of  the  reaction  bearing  was  0.00U95  inch  with 
0.0013  inch  cn  the  roller  with  maximum  end  wear.  A  metallurgical  analysis 
of  the  inner  and  outer  races  did  not  reveal  any  microstructure  void  or 


Inclusions,  nor  could  Any  evidence  of  fatigue  failure  be  determined.  From 
the  appearance  of  the  inner  race  aide  rail  chipping,  it  appears  that  this 
damage  was  caused  by  roller  impacts  on  the  side  rails.  Displaced  side 
rail  material  could  then  have  been  Ingested  through  the  bearing,  causing 
the  inner  and  outer  races  to  crack  because  of  the  increased  loading  and 
passible  stress  concentration  resulting  from  these  chips. 


(U)  Figure  71.  Inner  Races  of  Bearings  FD  24458 

S/N  X- l  end  X- 2  Following 
Test  of  Build  25A 
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(U)  Figure  74.  Disassembly  Condition  of  FE  78782 

Reaction  Bearing  (S/N  X-i) 

With  Turbine  End  of  Rollers 
Up  (Build  25A) 

(C)  Build  26  of  the  roller  bearing  test  rig  incorporated  the  new  triple- 
crown  rollers.  This  build  configuration  also  included  stainless  steel 
(AMS  5630)  rollers  and  races,  L/D  of  1.250  rollers,  Axmalon  outer-race- 
guided  cages,  and  roller  end- co-side  rail  clearances  of  0.040  inch.  The 
load  bearing  internal  clearance  was  0. 0038-inch  tijht  and  the  reaction 
bearing  internal  clearance  was  Q.0C25-lnch  tight  (matrix  points  12  and  11, 
respectively).  Testing  of  Build  26  was  conducted  on  23  July  1968*  After- 
11  minutes  operation  at  design  spaed  of  the  first  taat  cycle,  the  reaction 
bearing  outer  race  temperature  end  the  vibration  readouts  increased  suddenly 
The  teardown  Inspection  revealed  that  one  roller  in  the  reaction  bearing 
had  begun  to  skew  as  shown  in  Figure  75  and  was  wedging  between  the  side 
rails.  The  probable  cause  of  this  failure  was  found  to  be  the  result  of 
the  reaction  bearing  Inner  race  not  being  fully  seated,  resulting  in 
approximately  0.025-inch  misalignment  between  the  inner  and  outer  races. 

No  measursble  roller  end  wear  was  detected  on  either  bearing  exespt  for 
the  wedged  roller,  which  exhibited  approximately  0.0007-inch  wear. 

(U)  The  configuration  of  Build  27  of  the  roller  bearing  test  rig  was  the 
seme  as  Build  26,  except  the  reaction  bearing  rollers  and  cage  ware  re¬ 
placed  with  new  parts  of  the  seme  configuration.  Testing  of  Build  27  waa 
completed  on  29  July  1968  when,  after  2  minutes  operation  at  design  speed 
on  the  second  cycle,  erratic  speed  indications  and  excessive  reaction 
bearing  outer  race  temperature  were  detected.  The  teardown  inspection 
showed  that  one  roller  in  the  reaction  bearing  had  skewed  and  had  worn 
through  the  cage  rib  and  was  in  contact  with  the  adjacent  roller  as  shown 


in  Figure  76.  Except  for  the  damaged  roller  and  cage  deecribed  above, 
the  remaining  parte  were  in  good  condition.  The  average  reaction  bearing 
roller  end  wear  was  0.00035  inch  with  0.0005  inch  on  the  roller  with  the 
maximum  wear.  The  average  load  bearing  roller  end  wear  was  0.0001  inch 
with  0.0003-inch  wear  on  the  roller  with  the  maximum  wear.  Figures  77 
and  78  show  Che  teardown  condition  of  the  reaction  bearing  and  load 
bearing. 


(U)  Figure  75.  Disassembly  Condition  of  FE  79085 

Reaction  Bearing  (S/N  Y-l) 

Showing  Skewed  Position  of 
Roller  (Build  26) 
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(U)  Figure  78.  Disassembly  Condition  of  Load 
Bearing  (S/N  Y-2)  With  Turbine 
End  of  Rollers  Up  (Build  27) 


FE  78907 


(C)  The  test  bearings  Incorporated  in  Build  28  were  triple-crown,  L/D 
of  1.0  rollers,  stainless  steel  (AMS  5630)  rollers  and  races,  Armalon 
outer-race-guided  cages,  and  0. 010-inch  roller  end-to-side  rail  clearance. 
The  load  bearing  internal  clearance  was  0.0051-inch  tight  and  the  reaction 
bearing  Internal  clearance  was  0.0026- inch  tight  (matrix  points  43*  and  47 1 
respectively).  Testing  of  Build  28  was  completed  on  6  August  1968.  After 
1  minute  of  design  speed  operation  on  the  14th  cycle,  the  reaction  bearing 
outer  race  temperature  and  the  vibration  levels  Increased  suddenly,  and 
the  test  was  terminated.  Approximately  6.5  hours  had  been  accumulated 
at  this  time.  The  teardown  inspection  of  Build  28  revealed  that  one  roller 
in  the  reaction  bearing  had  skewed  as  shown  in  Figure  79.  Except  for  the 
skewed  roller  and  related  cage  pocket  damage,  the  remaining  parts  of  the 
reaction  bearing  end  wear  was  0.00385  inch  with  0.0075  inch  on  the  roller 
with  maximum  wear.  All  the  wear  was  on  the  turbine  end  of  the  rollers. 

The  load  bearing  was  in  good  condition  and  was  reused  in  Build  30.  Fig¬ 
ure  81  shows  the  post-test  condition  of  the  load  bearing.  The  average 
load  bearing  end  wear  was  0.00257  inch  with  0.007  inch  on  the  roller  with 
the  maximum  wear.  All  the  wear  was  on  the  turbine  end  of  the  rollers. 


(U)  Figure  79.  Disassembly  Condition  of  FE  79271 

Reaction  Bearing  (S/N  Z-l) 

Roller  No.  5  (Build  28) 
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(U)  Figure  80.  Disassembly  Condition  of  FE  79269 

Reaction  Bearing  (S/N  Z-l) 

With"  Turbine  End  of  Rollers 
Up  (Build  28) 
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(U)  Figure  81.  Disassembly  Condition  of  Load  FE  79267 

Bearing  (S/N  Z-2)  With  Turbine 
End  of  Rollers  Up  (Build  28) 

(C)  Build  29  of  the  roller  bearing  test  rig  incorporated  test  bearings 
with  stainless  steel  (AKS  5630)  races  and  triple-crown  L/D  of  1.250 
rollers.  A  roller  end-to-side  rail  clearance  of  0.010  inch  was  used  in 
both  bearings.  The  load  bearing  internal  clearance  was  0.0049- inch  tight, 
and  the  reaction  bearing  internal  clearance  was  0.0027-inch  tight  (matrix 
points  7'  and  9',  respectively).  Armalon  outer-race-guided  cages  were 
used  in  both  bearings.  Testing  of  Buile  29  was  started  on  12  August  1968 
and  completed  on  14  August  1968.  Testing  was  terminated  after  0.1  hour 
at  diesign  speed  on  the  sixth  cycle  because  of  an  Increase  in  the  reaction 
bearing  outer  race  temperature  and  vibration  levels.  At  the  time  that 
testing  was  suspended,  approximately  3.1  hours  had  been  accumulated. 

The  teardown  inspection  of  Build  29  showed  that  two  rollers  in  the  re¬ 
action  bearing  had  begun  to  skew  and  had  high  end  wear  because  of  wedging 
with  the  inner  race  side  rails.  The  primary  wear  on  the  reaction  bearing 
was  on  the  rear  end  of  the  rollers  with  an  average  wear  of  0.0037  inch. 

The  maximum  end  wear  was  0.022  inch  on  one  of  the  skewed  rollers  and  the 
other  skewed  roller  had  0.018-inch  end  wear.  The  post-test  condition  of 
the  reaction  bearing  is  shown  in  Figure  82.  The  load  bearing  was  in  good 
condition  with  only  light  wear  on  the  turbine  end  of  the  rollers.  The 
average  load  bearing  roller  end  wear  was  0.00037  inch  with  0.0098  inch 
on  the  roller  with  maximum  wear.  Figure  83  shows  the  condition  of  the 
load  bearing. 
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(U)  Figure  $2.  Disassembly  Condition  of  FE  79334 


Reaction  Bearing  (S/R  AA-1) 
With  Turbine  End  of  Rollers 
Up  (Build  29) 


(U)  Figure  83.  Disassembly  Condition  of  Load  FE  79336 

Bearing  (S/N  AA-2)  With  Turbine 
End  of  Rollers  Up  (Build  29) 
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(C)  Build  30  of  the  roller  beering  rig  Incorporated  tent  bearing*  used 
in  previous  testing.  The  reaction  bearing  (matrix  point  27')  was  from 
Build  2SA  and  had  accumulated  approximately  9.7  hour*.  The  load  bearing 
(matrix  point  43')  was  from  Build  28  and  had  accumulated  approximately 
6.5  hours.  The  reaction  bearing  incorporated  in  Build  30  consisted  of 
single-crown  rollers  with  an  L/D  ratio  of  1.0,  0.009-lnch  roller  end- to  - 
side  rail  clearance,  and  a  0. 0026-inch  tight  internal  clearance.  The 
primary  end  wear  was  on  the  turbine  side  of  the  reaction  bearing  rollers 
with  an  average  wear  of  0.00095  Inch  before  testing  on  Build  30.  The 
load  bearing  consisted  of  triple-crown  rollers  with  an  L/D  ratio  of  1.0, 
0.0097-inch  roller  end- to- side  rail  clearahfe,  etui  a  0.0049-inch  tight 
internal  clearance.  The  average  load  bearing  roller  end  wear  was  0.00257 
inch  nearly  evenly  distributed  on  both  ends  of  the  rollers  before  Build  30 
testing.  Build  30  testing  began  on  16  August  and  was  concluded  on 
20  August  1968  after  12.8  hours  hod  been  accumulated  on  the  lower  time, 
load  bearing.  During  Build  30,  ten  test  cycles  were  completed  with 
6.3  hours  test  time  at  design  conditions.  The  load  bearing  had  accumu¬ 
lated  a  total  of  24  cycles  with  12.8  hours  of  operation  at  design  condi¬ 
tions,  and  the  reaction  bearing  had  a  total  of  27  cycles  with  16.0  hours. 
The  teardown  inspection  revealed  that  both  test  bearings  were  in  good 
condition  and  could  be  used  for  additional  testing.  The  average  reaction 
bearing  end  wear  was  0.00213  inch  with  0.0029  inch  on  the  roller  with 
maximum  wear.  Both  ends  of  the  reaction  bearing  rollers  were  worn  nearly 
evenly.  Figures  84  and  85  show  the  post-test  condition  of  the  reaction 
bearing.  The  average  load  bearing  end  wear  was  0.G0318  inch  with  0.0095 
Inch  on  the  roller  with  maximum  wear  that  was  the  same  roller  that  had 
0.007- inch  end  wear  before  testing  on  this  build.  All  load  bearing  wear 
was  on  the  turbine  end  of  the  rollers.  Figures  86  and  87  show  the  post¬ 
test  condition  of  the  load  bearing. 


(U)  Figure  P4.  Disassembly  Condition  of  FE  79420 

Reaction  Bearing  (S/N  X-l)  With 
Rtar  End  of  Rollers  Up  (Build  30) 
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(U)  Figure  85 


Disassembly  Condition  of 
Reaction  Bearing  (S/N  X-l) 
With  Turbine  End  of  Rollers 
Up  (Build  3D) 


FE  79421 


(U)  Figure  86 


Disassembly  Condition  of  Load 
Bearing  (S/N  Z-2)  With  Rear  End 
of  Rollers  Up  (Build  30) 


FE  79491 
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FE  79492 


(U)  Figure  87.  Disassembly  Condition  of  Load 
Bearing  (S/N  Z-2)  With  turbine 
End  of  Rollers  Up  (Build  30) 

(C)  Both  roller  bearings  incorporated  in  Build  31  consisted  of  triple- 
crown,  L/D  of  1,125,  stainless  steel  (AMS  5630)  rollers  and  races.  The 
reaction  bearing  (matrix  point  20')  had  a  G, 0051-inch  tight  internal 
clearance  and  a  roller  end-to-side  rail  clearance  of  0.0098  inch.  The 
load  bearing  (matrix  point  20")  had  a  0.005- inch  tight  internal  clearance 
and  a  roller  end-to-side  rail  clearance  of  0,0048  inch.  Testing  of  Build  31 
began  or,  23  August  1968.  A  high  turbine  drive  pressure  was  required  to 
start  rotation,  however,  operational  parameters  were  normal  during  the 
first  cycle  as  soon  as  the  design  speed  level  was  obtained.  One  hour  at 
design  speed  were  accumulated  during  the  first  cycle.  The  second  test 
cycle  was  started  on  26  August  1968,  but  the  rig  failed  to  rotate.  Six 
attempts  were  made  to  accelerate  the  rig  with  the  drive  turbine  after  the 
shaft  had  been  freed  by  rotation  in  the  reverse  direction,  but  on  each 
attempt  the  shaft  locked.  On  the  seventh  attempt,  the  shaft  locked  tight 
and  could  not  be  freed  by  turning  in  either  direction. 

(U)  During  disassembly  of  the  test  rig,  it  was  determined  that  the  locked 
shaft  was  caused  by  the  load  bearing  rollers  wedging  into  the  inner  race 
side  rails.  Scoring  on  both  ends  of  the  load  bearing  rollers  was  very 
heavy,  as  shown  in  Figures  88  and  89,  and  prevented  the  measurement  of 
end  wear.  Figure  90  shows  a  comparison  of  typical  rollers  from  the  re¬ 
action  bearing  (matrix  point  20')  and  the  load  bearing  (matrix  point  20"), 
which  were  configured  identically,  except  that  the  load  bearing  roller 
end-to-side  rail  clearance  was  half  that  of  the  reaction  bearing.  The. 
inner  race  side  rails  of  the  load  bearing  also  showed  heavy  scoring. 

The  reaction  bearing  wa3  in  good  condition,  except  for  an  axial  crack  in 
the  outer  race,  which  is  shown  in  Figure  91.  The  primary  end  wear  of  the 
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(U)  Figure  90.  Comparison  of  Post-Test  Condi-  f|>  24500 
tion  of  «  Typical  Roller  from 
Reaction  Bearing  (8/N  BB-1)  and 
Load  Bearing  (S/N  BB-2)  of 
Build  31 


(U)  Figure  91.  Cracked  Outer  Race  from  FE  79499 


Reaction  Bearing  (S/N  BB-1) 


of  Build  31 


(C)  Build  32  of  th*  roli«r  bearing  cast  rig  incorporated  bearing  elements 
uaed  in  cha  previous  taata.  The  load  bearing  Incorporated  rollers  from 
Build  22  that  had  accumulated  2.2  hours,  and  the  cage  wet  from  Build  6 
(Phaae  I  (Contract  AF04(61l)«lH0l)  program)  that  had  0.3  hour  of  teat 
time.  Both  inner  and  outer  races  were  new.  The  reaction  bearing  had 
rollera  selected  from  Phase  X  (Contract  AF04(61l)-U40l)  teat  bearings 
(Builds  12  and  15)  with  1.5  hours  on  the  maximum  time  rollers;  the  cage 
was  from  Bp!  Id  6  and  had  0.3  hour  of  test  time.  The  inner  race  was  from 
Build  5  with  no  test  time  at  rated  conditions,  and  the  outer  race  was  new. 
Both  test  bearings  incorporated  single-crown,  L/D  of  1.0  rollers,  stain¬ 
less  steel  (AMS  5630)  rollers  end  races  with  Outsr-rece-guided  Arms  Ion 
cages.  The  load  hearing  (matrix  point  22)  had  e  0. 0032-Inch  tight  internal 
clearance  end  e  roller  ond-to-side  rail  clearance  of  0.0199  inch.  The 
reaction  bearing  (matrix  point  23')  had  a  0.0049- inch  tight  internal 
clearance  and  a  roller  end -to -a ids  rail  clearance  of  0.0099  inch.  Build  32 
tasting  began  on  29  August  and  ended  on  30  August  I960.  Tasting  was  tar- 
minated  after  0.1  hour  at  design  spaed  on  tht  sixth  cycle  when  the  vibra¬ 
tion  levels  end  the  slave  bearing  outer  race  temperature  increased,  and 
the  operating  speed  dropped  off  significantly.  At  tha  time  of  ahutdown, 

6  cycles  end  137  minutes  of  testing  at  design  speed  had  been  accumulated. 
The  teardown  inspection  revealed  that  tha  shaft  had  cracked  halfway 
through  In  the  necked -down  section  on  the  turbine  end.  The  crack  allowed 
the  turbine  eud  of  the  shaft  tu  deflect  during  operation  allowing  tha 
turbine  to  rub  heavily  on  the  turbine  housing.  The  labyrinth  seals  and 
the  turbine  spacer  were  also  damaged  by  rubbing.  The  test  bearings  were 
in  good  condition  except  for  the  reaction  bearing  outer  race,  which  was 
cracked  in  the  sane  location  as  the  previous  test  (Build  31),  as  shown 
in  Figure  94.  The  greatest  wear  was  on  the  rear  end  of  the  rollers  in  the 
reaction  bearing,  while  the  load  bearing  rollera  wore  on  both  ends  in 
nearly  equal  amounts  in  a  random  manner.  The  roller  end  wear  measurements 
are  shown  in  Table  XV.  Except  for  the  outer  rapes,  both  toller  bearings 
ware  reused  in  Builds  35  and  36  of  the  test  rig.  Figure  95  shows  tha 
overall  condition  of  the  reaction  bearing  (matrix  point  23')  and  Figure  96 
shows  the  condition  of  the  load  bearing  (matrix  point  22). 


(U)  Figure  94.  View  Showing  Crack  in  Outer  Race  FD  25098 
of  Reaction  Bearing  S/N  CC-1 
(Build  32) 
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(C)  In  the  investigation  to  determine  the  cause  of  the  reaction  bearing 
outer  race  failures  on  Builds  31  and  32,  a  metallurgical  examination  of 
the  fracture  faces  indicated  that  the  point  of  origin  was  a  small  surface 
depression  on  the  inside  diameter  of  the  race  on  Build  31  and  was  a  small 
crack,  approximately  0.0025  "inch  deep,  on  the  outside  diameter  surface  on 
Build  32.  Metallurgical  analysis  also  indicated  that  the  failures  resulted 
from  flexing  stress  cycles  and  they  were  not  associated  with  fatigue  spal¬ 
ling.  With  bearing  operation  at  48,000  rpm,  a  given  point  on  the  race  is 
subjected  to  400,000  roller  passing  cycles  per  minute.  After  consulta¬ 
tion  with  the  bearing  vendor  and  with  the  P&WA  bearing  group  at  East 
Hartford,  it  was  decided  that  the  thin  outer  ring  inside  diameter  should 
be  in  compression  to  withstand  the  cycling  stresses  induced  with  the 
tight  internal  fit  and  high  shaft  speed.  The  compressive  stresses  could 
be  induced  by  mesne  of  a  microstructure  change  such  as  carburizing  the 
inside  diameter  of  the  ring;  by  shot  peening  the  inside  surface,  or  by 
outside  diameter  restraint. 

(U)  The  similarity  of  the  angular  orientation  of  the  cracked  outer  races 
on  Builds  31  and  32,  coupled  with  the  fact  that  the  surface  depressions 
found  at  the  origin  of  tf.a  fatigue  failures  were  less  severe  than  ob¬ 
served  on  previously  successful  bearing  outer  races,  indicated  that 
stresses  in  excess  of  the  normal  operating  levels  were  involved  in  these 
failures,  the  bearing  test  rig  housings  were  reassembled  for  a  bearing 
support  alignment  check.  This  inspection  showed  that  the  reaction  bear¬ 
ing  oute*  race  carrier  was  misaligned  by  approximately  0,006  inch  in  the 
plane  of  the  outer  race  failure,  and  was  loose  from  the  rear  housing 
restraining  pins.  The  damaged  reaction  bearing  carrier  was  replaced  and 
it  waa  both  pinned  and  weld  attached  to  the  rear  housing.  In  addition, 
a  stress  relief  heat  treet  cycle  was  instituted  after  the  final  grind 
operation,  which  established  the  desired  internal  clearance  on  the  bearing, 
to  minimize  residual  stresses  that  may  be  present. 

(C)  Build  33  of  the  roller  bearing  test  rig  incorporated  test  bearings 
with  triple-crown,  L/D  1.125,  stainless  steel  (AMS  5630)  rollers  and  races. 
The  reaction  bearing  (matrix  point  20')  had  a  Q.005-inch  tight  Internal 
clearance  and  a  roller  end-to-side  rail  clearance  of  0.0098  inch.  The 
load  bearing  (matrix  point  21)  had  a  0.0051-inch  tight  internal  clearance 
and  a  roller  end-to-side  rail  clearance  of  0.0198  inch.  Testing  of 
Build  3i  began  on  10  September  1968  and  ended  the  next  day.  Testing  was 
terminated  after  1  minute  at  design  speed  on  the  fifth  cycle  when  a  decay 
in  coolant  flows  and  an  increase  in  vibrations  and  in  slave  bearing  outer 
race  temperature  was  observed.  At  the  time  of  failure,  5  cycles  and 
1.3  hours  of  testing  at  design  speed  had  been  accumulated.  The  teardown 
inspection  of  Build  33  revealed  that  the  liquid  hydrogen  bellows  seal  had 
failed.  The  test  bearings  were  in  good  condition  except  for  a  crack  in 
the  reaction  bearing  outer  race.  The  crack  was  located  approximately 
180  degrees  from  the  two  previous  failures  as  shown  in  Figure  97.  The 
rollers  from  both  test  bearings  were  in  excellent  condition  with  negligible 
end  wear,  but  did  exhibit  moderate  scuffing  on  the  turbine  end  as  shown  in 
Figures  98  and  99.  Failure  analysis  of  the  reaction  bearing  outer  race 
fracture  faces  again  showed  a  brittle-failure  originating  in  a  small 
depression  in  the  roller  track. 


(C)  Build  34  of  the  roliar  bearing  test  rig  Incorporated  the  inner  races, 
single-crown,  L/D  of  1.000  rollers,  and  Armaion  outer-race  guided  cages 
from  Build  33.  New  outer  races  were  fabricated  from  steel  alloy  (AMS  6260) 
with  the  inside  diameter  carburized  to  a  depth  of  approximately  0.043 
inch  and  heat  treated  to  provide  a  hard  surface  in  the  roller  contact 
area.  The  reaction  bearing  (matrix  point  23')  internal  clearance  was 
0. 0039-inch  tight  and  the  roller  end-to-alde  rail  clearance  was  0.0105 
inch.  The  load  bearing  (matrix  point  22)  internal  clearance  was  0.0042- 
inch  tight  and  the  roller  end-to-side  rail  clearance  was  0.0204  inch. 

These  internal  clearances  correspond  to  values  of  0.0049  and  0.0051  inch, 
respectively,  for  the  stainless  steel  (AMS  5630)  races  when  adjusted  for 
the  difference  in  coefficient  of  expansion  between  steel  alloy  (AMS  6260) 
and  stainless  steel  (AMS  5630).  Build  34  of  the  bearing  test  rig  was 
mounted  and  ready  for  test  on  20  September  1968.  During  the  initial 
start  sequence  the  turbine  housing  failed  as  the  turbine  pressure  was 
applied  to  start  rotation  of  the  test  rig.  The  housing  failed  in  the 
thin  section  below  the  Marmon  clamp  flange  and  caused  damage  to  the 
turbine  wheel  and  tie  bolt.  A  detailed  inspection  revealed  that  the 
outer  parts  were  in  good  condition. 

(C)  Build  35  of  the  bearing  test  rig  incorporated  the  same  test  bearings 
that  were  used  in  Build  34.  A  new  tie  bolt,  turbine,  and  turbine  housing 
were  used  on  this  build.  Testing  of  Build  35  of  the  roller  bearing  test 
rig  began  on  25  September  1968  and  was  ended  on  the  next  day.  Testing 
was  terminated  on  the  ninth  test  cycle  at  design  speed  when,  after  0.2 
hour  of  operation,  a  speed  shift  was  detected  and  the  slave  bearing 
outer  race  temperature  increased.  Build  35  testing  accumulated  4.1  hours 
and  nine  cycles  at  design  speed.  The  teardown  inspection  revealed  that  the 
slave  ball  bearing  had  failed.  The  test  bearings  were  In  good  condition  and 
were  incorporated  in  the  next  build  to  continue  testing  of  this  configura¬ 
tion.  End  wear  measurements  summarizing  the  condition  of  the  bearings 
after  Builds  32  and  35  are  listed  in  Table  XV. 
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(C)  Build  36  of  the  roller  beering  tear  rig  incorporated  test  bearings 
from  Build  35.  Testing  of  Build  36  began  on  3  October  1968  and  ended 
8  October  1968.  Testing  was  terminated  after  8.4  hour?  at  design  speed 
when  outer  races  had  accumulated  12.6  hours.  The  teardown  inspection 
of  Build  36  revealed  that  both  test  bearings  wars  in  good  condition  and 
couid  have  been  owed  for  additional  testing.  Figures  100  and  101  show 
the  post-test  condition  of  itfio  reaction  bearing,  (matrix  point  23'). 
Figures  102  and  103  show  the  post- test  condition  of  the  load  bearing, 
(matrix  point  22).  Table  XV  summarizes  the  roller  end  wear  on  both  test 
bearings  after  testing  on  Builds  32,  35,  and  36. 


(C)  Build  37  of  the  bearing  test  rig  was  configured  similar  to  Build  36 
to  provide  a  repeatability  test  on  the  load  bearing  (matrix  point  22)  and 
to  evaluate  the  effects  of  increased  roller  end  clearance  on  the  reaction 
bearing  by  doubling  the  largest.  Build  36  end  clearance.  Increased  end 
clearance  is  desirable  for  the  250K  fuel  pump  to  accommodate  the  hydro¬ 
static  thrust  piston  {travel  and  the  difference  in  thermal  contraction 
between  the  housings  and  the  rotor  assembly.  Build  37  also  used  wider 
races  and  the  reaction  bearing  roller-end-to-side  rail  clearance  was 
increased  to  0.040  inch.  The  test  bearings  had  single  crown  L/D  of 
1.000  rollers,  stainless  steel  (AMS  5630)  rollers  and  inner  races,  and 
steel  alloy  (AMS  6260)  outer  races  carburized  and  hardened  similar  to  the 
outer  rings  in  Build  36.  The  races  were  0.108- inch  wider  than  the  races 
in  the  previous  build  and  the  cage  width  was  increased  accordingly.  The 
reaction  bearing  (matrix  point  3)  had  a  0.0040-inch  tight  Internal  fit 
and  the  load  beering  (matrix  point  22)  had  a  0.0041-inch  tight  internal 
fit.  The  load  bearing  roller  end-to-side  rail  clearance  was  0.020  inch. 
Revisions  were  made  to  the  test  rig  in  this  build  to  provide  a  double 
labyrinth  seal  with  a  vent  cavity  to  replace  the  carbon  bellows  seal, 
thereby  increasing  rig  durability. 


I  I  I  8  I  I  I  I 
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(U)  Figure  100.  Disassembly  Condition  of  Reaction  FF,  80637 
Bearing  (S/N  EE-i)  With  Rear  End 
of  Pollers  Up  (Build  36) 

128 

C8NFHKNTIM. 


(U)  Figure  101.  Disassembly  Condition  of  Reaction  FE  80638 
Bearing  (S/N  EE-1)  With  Turbine  End 
of  Rollers  Up  (Build  36) 


(U)  Figure  102.  Disassembly  Condition  of  Load  FE  80639 


Bearing  (S/N  EE -2)  With  Rear  End 


of  Rollers  Up  (Build  36) 
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(U)  Figure  103. 

Disassembly  Condition 

of 

I.oad 

FE  80640 

Bearing  (S/N  EE-2)  With  Turbine 
End  Rollers  Up  (Build  36) 


(C)  Prior  to  testing  Build  37  of  the  bearing  test  rig,  the  bearing  coolant 
system  was  revised  to  provide  a  series  coolant  flow  arrangement  tc  reduce 
the  coolant  consumption.  The  coolant  was  supplied  to  the  reaction  bearing, 
and  after  cooling  the  two  test  bearings,  it  was  cplit  to  provide  flow  con¬ 
trol  through  the  slave  bearing.  Testing  of  Build  37  began  on  18  October 
1963  and  ended  on  21  October.  Testing  was  terminated  after  2  mtnut  -  on 
the  third  cycle  to  rated  speed  because  of  high  s’ave  bearinr:  octet  r;.ce 
temperatures  and  increased  vibrations.  Build  37  cesting  naa  accu  ;u ..ted 
3.9  hours  of  operation  at  design  conditions.  The  teardown  inspei 
revealed  that  the  slave  bearing  had  failed  but  that  the  test  bear.ngs 
were  in  good  condition.  Slight  thermal  cracking  was  seen  on  both  outer 
races  outside  the  roller  track,  in  the  area  of  cage  contact.  The  average 
reaction  bearing  end  wear  was  O.OOll  inch  with  0.0022  inch  on  the  roller 
with  maximum  wear.  The  average  load  hearing  end  wear  wac  0.0002  inch 
with  0.0004  inch  on  the  roller  with  maximum  wear.  The  wear  was  on  the 
turbine  end  of  the  rollers  for  both  bearings  with  moderate  scoring  on 
the  rear  end  of  both. 

(C)  Build  38  of  the  roller  bearing  test  rig  included  the  same  test  bearings 
as  Build  37  anu  a  new  slave  bearing.  Testing  of  Build  38  was  performed 
on  25  October  and  the  test  was  terminated  after  2.3  hours  of  the  first 
cycle  because  of  an  increase  in  the  reaction  bearing  and  the  slave  bearing 
outer  race  temperature  that  could  not  be  reduced  by  increasing  the  coo' ant 
flow  rate.  The  teardown  inspection  re  wealed  no  appreciable  damage  to  the 
Lest  bearings  other  than  increase!  thermal  cracking  on  the  outer  races  as 
snown  in  Figures  104  and  105.  One  crack  had  extended  Into  the  roller  track 
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but  U  was  considered  acceptable  for  continued  testing.  No  measurable 
change  was  noted  In  the  roller  end  wear  for  either  test  bearing.  The 
slave  bearing  cage  ball  pockets  showed  wear  from  the  differential  pres 
sure  across  the  cage  and  from  bail  excursion. 


(II)  Figure  104,  Reaction  Bearing  FE  80934 

(S/N  FF-1)  Outer  Race  ID 
Showing  Thermal  Cracks 
(Build  38) 
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(U)  Figure  105.  Loau  Bearing  (S/N  FF-2)  FE  80935 
Outer  Race  ID  Showing 
Thermal  Cracks  (Build  38) 

(C)  Build  39  of  the  roller  bearing  test  rig  included  the  same  test  bearings 
as  Build  38  and  a  new  ball  bearing  with  a  Salox  cage  instead  of  Rulon  as 
used  previously.  Revisions  were  incorporated  in  the  rig  build  to  provide 
bearing  coolant  flow  under  the  inner  race  of  the  slave  bearing  in  addition 
to  the  normal  flow  path  through  the  bearing  cage.  Testing  of  Build  39 
began  on  30  October  and  ended  on  31  October.  Testing  was  terminated 
after  2  hours  of  the  second  cycle  to  rated  speed  because  of  increase  in 
vibrations,  decrease  in  speed,  and  increase  in  the  load  bearing  outer 
race  temperature.  The  test  bearings  had  accumulated  a  total  time  of 
9.9  hours.  The  teardown  inspection  revealed  that  the  outer  race  of  the 
load  bearing  had  cracked  at  the  loaded  side  with  the  fracture  faces  co¬ 
incident  with  the  thermal  cracks  as  shown  in  Figure  106.  Except  for  the 
thermal  cracks  on  the  outer  races,  both  test  bearings  were  in  good  condi¬ 
tion  and  the  roller  end  wear  was  found  to  be  nearly  identical  with  the 
previous  build  measurements.  The  average  roller  end  wear  on  the  reaction 
bearing  was  0.0011  inch  with  0.0019  inch  on  the  roller  with  maximum  wear. 
The  average  load  bearing  end  wear  was  0.0003  inch  with  0.0004  inch  on  the 
roller  with  maximum  wear.  Figures  107  and  108  show  the  post-test  condition 
of  the  reaction  bearing  (matrix  point  3)  and  load  bearing  matrix  point  22). 
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(C)  Build  40  of  the  roller  bearing  teat  rig  Incorporated  single  crown 
L/D  ■  1.000,  stainless  steel  (AMS  5630)  rollers  and  stainless  steel 
(AMS  5630)  inner  races  with  outer  race  guided  Armalon  cages.  The  load 
bearing  cage  had  lateral  cooling  slots  0. 053-inch  wide  (circular  diameter) 
and  0.035- inch  deep  machined  between  the  pockets.  The  outer  races  were 
fabricated  from  Inconel  718  (AMS  5661).  The  reaction  bearing,  matrix 
point  3,  had  a  0.0028-inch  tight  internal  clearance  and  a  roller  end-to- 
side  rail  clearance  of  0.0411  Inch.  The  load  bearing,  matrix  point  3, 
had  a  0.0031-inch  tight  internal  clearance  and  a  roller  end-to-side  rail 
clearance  of  0.0386  Inch.  These  diametral  fits  are  equivalent  to  the 
0.005-inch  tight  fit  used  with  the  stainless  steel  (AMS  5630)  outer  races 
when  adjusted  for  the  difference  in  thermal  expansion  coefficients  of 
the  two  materials. 

(C)  Testing  of  Build  40  was  completed  on  6  November  1968.  The  test  was 
terminated  after  1.5  hours  of  the  first  cycle  when  there  was  a  speed 
shift  and  an  increase  in  the  load  bearing  outer  raco  temperature  and 
vibration  level. 


(U)  Figure  106.  Condition  of  Load  Bearing 

(S/N  FF-2)  Outer  Race  (Build  39} 


FE  81074 


CONFIDENTIAL 


CONFIDENTIAL 


(C)  A  teordown  inspection  revealed  that  the  load  bearing  outer  race  had 
cracked  in  two  places  in  the  loaded  stone  and  the  roller  path  was  severely 
spalled  and  deformed  as  shown  in  Figure  109.  The  rollers  suffered  severe 
Impact  damage  particularly  on  the  rear  end  as  shown  in  Figures  110  and  111. 
The  inner  race  side  rails  were  heavily  spalled  as  a  result  of  the  rollers 
impacting  with  the  rear  rail,  this  <:c  id  it  ion  is  shown  in  Figure  112.  The 
cage  sustained  severe  abrasive  damage  as  a  result  of  particle  ingestion 
from  the  rollers  and  races  as  shown  in  Figure  113.  The  overall  condition 
of  the  load  bearing  (matrix  point  3)  is  shown  in  Figures  114  and  115.  The 
heavy  damage  on  the  load  bearing  rollers  prevented  measurement  of  roller 
end  wear.  The  reaction  bearing  was  in  good  condition  except  for  some 
spalling  on  the  outer  race  roller  path  in  the  loaded  area  as  shown  in 
Figure  116.  The  rollers  exhibited  an  average  end  wear  of  0.0001  inch  with 
0.0005  inch  on  the  roller  with  maximum  wear.  All  wear  was  on  the  turbine 
end  of  the  rollers.  The  overal L  condition  of  the  reaction  bearing  (matrix 
point  3)  is  shown  in  Figure  117. 


(U)  Figure  109.  View  Showing  Condition  of  Load  FE  81239 
Bearing  Outer  Race  (S/L  GG-2) 

After  Test  of  Build  40 
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FE  81241 


(U)  Figure  112.  View  Showing  Condition  of  Load 
Bearing  Inner  Race  (S/N  GG-2) 
After  Test  of  Build  4C 


(U)  Figure  113.  View  Showing  Condition  of  Load  FE  81247 

Bearing  Cage  (S/N  GG-2)  After 
Test  of  Build  40 
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(U)  Figure  116. 


View  Showing  Condition  of 
Reaction  Bearing  Outer  Race. 

(S/N  GG-1)  After  Test  of  Build  40 


FE  80830 
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(U)  Figure  117. 


View  Showing  Overall  Condition 
of  Reaction  Bearing  (S/N  GG-1), 
Turbine  End  Up  (Build  40) 
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(U)  Metallurgical  analysis  of  the  failed  outer  race  from  the  Build  40 
load  bearing  Indicates  that  the  Inconel  718  (AMS  5663)  race  was  severely 
overloaded,  which  can  be  attributed  to  the  mechanical  deformation  in  the 
roller  track.  Heat  generation  from  the  deformed  roller  track  appears  to 
have  permitted  further  plastic  deformation  until  the  failure  was  completed 
with  the  lateral  cracks  seen  in  the  plastically  deformed  area.  Metallur¬ 
gical  examination  revealed  that  the  microstructure  in  the  failed  zone  had 
transformed  to  a  cast  structure.  The  less  heavily  loaded  reaction  bearing 
had  begun  spalling  in  the  loaded  zone  and  it  is  viewed  as  preliminary  to 
the  failure  encountered  with  the  load  bearing.  It  appears  that  the  hard¬ 
ness  of  Rc  44  on  these  races  is  not  sufficient  for  the  loads  and  life 
required  in  this  bearing  application. 

(C)  Build  41  of  the  bearing  test  rig  consisted  of  test  bearings  with 
single  crown  L/D  *  1.000  stainless  steel  (AMS  5630)  rollers,  stainless 
steel  (AMS  5630)  inner  races,  Armalon  outer  race  guided  cages  with  lateral 
coolant  slots,  and  steel  alloy  (AMS  6265)  outer  races.  The  reaction  bear¬ 
ing,  matrix  point  3,  had  a  0.0036- inch  tight  internal  clearance  and  a 
roller  end-to-side  rail  clearance  of  0.0391  inch.  The  load  bearing, 
matrix  point  3,  had  a  0.0040-inch  tight  internal  clearance  and  a  roller 
end-to-side  rail  clearance  of  0.0393  inch.  These  diametral  fits  are 
equivalent  to  a  0.0046-  and  0.0050-inch  tight  fit,  with  stainless  steel 
(AMS  5630)  outer  races  respectively,  when  adjusted  for  the  difference 
in  coefficient  of  expansion. 

(U)  Build  41  testing,  was  begun  on  18  November  1968  and  was  ended  the 
next  day  after  accumulating  10.1  hours.  Testing  was  terminated  after 
1  minute  of  the  6th  test  cycle  when  a  speed  shift  and  an  increase  in 
the  reaction  bearing  outer  race  temperature  were  observed. 

(C)  A  teardown  inspection  revealed  that  one  roller  in  the  reaction  bearing 
had  skewed  as  shown  in  Figure  118.  The  cage  pocket  from  another  roller 
showed  the  characteristic  "dog  bone"  wear  pattern  associated  with  insuf¬ 
ficient  roller  prelead.  The  equivalent  negative  internal  clearance  on 
this  bearing,  0.0046  inch,  was  the  lowest  value  tested  recently.  The 
inner  race  showed  light  chipping  on  both  side  rails  with  the  turbine  end 
more  heavily  damaged.  Moderate  thermal  cracking  of  the  outer  race  was 
detected  in  the  cage  contact  areas  on  each  side  of  the  roller  track.  The 
average  roller  end  wear  was  0.0082  inch  with  0.012  inch  on  the  roller 
with  the  maximum  wear.  The  turbine  end  of  the  rollers  exhibited  the 
heaviest  wear.  The  post-test  condition  of  the  reaction  bearing  is  shown 
in  Figure  119  with  detail  views  of  the  rollers,  inner  race  and  outer  race 
shown  in  Figures  120,  121,  and  122,  respectively.  The  load  bearing  was 
in  excellent  condition  as  shown  in  Figure  123  and  could  be  used  for 
further  testing.  The  average  load  bearing  roller  end  wear  was  0.021  inch 
with  0.0048  inch  on  the  roller  with  the  maximum  wear.  Both  ends  of  the 
rollers  exhibited  some  wear  with  the  maximum  wear  on  the  rear  end. 
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(U)  Figure  120.  View  Showing  Condition  of  Re¬ 
action  Bearing  P.ollers  (S/N  KH-1), 
Turbine  End  Up  (Build  41) 


(U)  Figure  121.  View  Showing  Condition  of  Re-  FE  81475 

action  Bearing  Inner  Race 
(S/N  HH-1)  After  Test  of  Build  41 
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(U)  Figure  122-  View  Showing  Condition  of  Re-  FE  81473 

action  Bearing  Outer  Race 
(S/N  HH-1)  After  Test  of  Build  41 
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(U)  Figure  123.  View  Showing  Overall  Condition  FE  81216 
of  Load  Bearing  (S/N  HH-2), 

Turbine  End  Up  (Build  41) 
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(C)  Build  42  of  the  roller  bearing  test  rig  Incorporated  single  crown 
L/D  ■  1.000  stainless  steel  (AMS  5630)  rollers,  stainless  steel  (AMS  5630) 
inner  races,  Armnlon  outer -race-guided  cages  with  lateral  cooling  slots, 
and  outer  races  fabricated  from  steel  alloy  (AMS  6265)  with  the  inside 
diameter  carburized.  Both  test  bearings  had  a  roller  end-to-side  rail 
clearance  of  0.0202  inch  and  a  negative  diametral  internal  clearance  of 
0.0043  inch.  This  fit  corresponds  tc  a  0.0053-inch  internal  clearance 
with  a  stainless  steel  (AMS  5630)  outer  race. 

(C)  Testing  of  Build  42  began  on  2  December  and  was  concluded  on  5  Decem¬ 
ber  1968.  During  the  test  program,  15.3  hours  of  bearing  operation  at 
maximum  load  and  speed  condition,  and  305  acceleration  cycles  were  accumu¬ 
lated.  A  bearing  coolant  reduction  survey  was  also  conducted.  No  increase 
in  outer  race  temperature  was  observed  when  the  coolant  flow  was  reduced 
from  31  gpm  to  10  gpm  in  increments  of  approximately  5  gpm.  Below  1.0  gpm 
coolant  flow,  a  rapid  increase  in  bearing  outer  race  temperature  was 
observed  and  the  coolant  flow  was  increased  back  to  31  gpm  where  the 
outer  race  temperature  again  stabilized.  After  completing  all  program 
objectives  the  test  rig  was  pulled  from  the  test  stand  to  permit  teardown 
inspection  of  the  bearings. 

(U)  Post-test  inspection  of  the  roller  bearings  revealed  that  both  bear¬ 
ings  were  in  good  condition  and  could  have  undergone  further  testing. 

The  only  discrepancy  noted  was  thermal  cracking  of  the  outer  races  in 
the  areas  of  ''age  '’intact  as  shown  in  Figure  124.  End  wear  measurements 
showed  moderate  wear  on  the  reaction  bearing  and  extremely  light  wear  on 
the  load  bearing.  The  wear  on  the  reaction  bearing  was  on  the  turbine 
end  with  an  average  wear  of  0.0070  inch  and  0.0098  inch  on  the  roller 
with  the  maximum  wear.  Figures  125  and  126  show  the  condition  of  the 
reaction  bearing  rollers.  -The  wear  on  the  load  bearing  was  on  the  rear 
end  with  an  average  wear  of  0.0005  inch  and  0.0014  inch  on  the  roller 
with  the  maximum  wear.  Figures  127  and  128  show  the  condition  of  the  load 
bearing  rollers.  The  overall  condition  of  the  reaction  bearing  is  shown 
in  Figures  129  and  130,  and  the  load  bearing  is  shown  in  Figures  131  and 
132.  The  roller  bearing  qualification  test  program  was  concluded  with 
the  completion  of  the  Build  42  best. 
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(U)  Figure  128.  View  Showing  Condition  of  Load 
Bearing  Rollers  (S/N  JJ-  2)  With 
Turbine  End  Up  (Build  42) 
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(U)  Figure  129.  View  Showing  Overall  Condition  FE  81794 

of  Reaction  Bearing  (S/N  JJ-1) 

Turbine  End  Up  (Build  42) 


(U)  Figure  130.  View  Showing  Overall  Condition  FE  81793 
of  Reaction  Bearing  (S/N  JJ-1) 

Rear  End  Up  (Build  42) 
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(U)  Figure  131.  View  Showing  Overall  Condition  FE  81796 
of  Load  Bearing  (S/N  JJ-2) 

Turbine  End  Up  (Build  42) 
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(U)  Figure 

132.  View  Showing 

Overal 1 

Condition 

FE  81795 

of  Load 

Bearing  (S/N  JJ-2) 

Rear  End  Up  (Build  42) 
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C.  PUMP  INLET  EVALUATION 

1.  Introduction 

(U)  The  objective  of  this  test  program  was  to  obtain  supporting  data  for 
the  design  of  the  inlet  configuration  to  be  used  on  the  liquid  hydrogen 
and  liquid  oxygen  turbopumps.  Because  of  engine  packaging  considerations, 
the  proposed  demonstrator  engine  has  a  flow  distributor  at  the  inlet  to 
each  main  turbopump  as  shown  in  Figure  133.  The  effect  of  an  inlet  flow 
distributor  on  the  head-flow  and  suction  characteristics  of  the  inducer 
was  investigated  using  water  as  the  test  fluid.  These  data  are  being 
used  to  design  a  suitable  pump  inlet  configuration  within  the  demonstrator 
engine  envelope. 


(U)  Figure  133.  Proposed  Demonstrator  Engine  GS  7466A 

Showing  Inlet  Flow  Distributors 
at  the  Fuel  and  Oxidizer  Inlets 
(Circled  Areas) 

2,  Summary,  Conclusions,  and  Recommendations 

(U)  Nine  inlet  configurations  were  evaluated  during  the  preliminary  study 
as  shown  in  Figure  134.  Electrical  analog  studies  of  these  candidate 
configurations  were  performed  and  the  head  loss  coefficients  shown  in 
Figure  134  resulted  from  this  study. 
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(U)  Figure  134.  Candidate  Inlets  and  Predicted  FD  23194A 
Pressure  Loss 


(U)  Two  configurations  were  selected  as  a  result  of  this  electrical  analog 
study  for  evaluation  on  the  water  test  loop.  These  were  a  short  radius 
elbow  with  turning  vanes  and  a  single  inlet  without  guide  vanes  similar 
to  configurations  Mo.  1  and  5  of  Figure  134.  Although  an  elbow  inlet 
with  Juide  vanes  was  the  best  design  analysed  from  a  head  loss  and 
velocity  distribution  standpoint,  it  was  less  suitable  for  the  fuel 
pump  because  of  the  severe  space  limitations.  The  single  inlet  without 
guide  vanes  was  a  more  flattened  design  that  would  satisfy  the  envelope 
requirements  of  the  fuel  pump  and  was  selected  as  the  second  candidate 
for  evaluation  on  the  water  test  loop. 

(U)  Three  inlet  configurations  were  tested  on  the  water  loop  using  an 
existing  350K  oxidizer  pump  inducer  fabricated  under  Contract  NAS8-20540. 
These  were:  (1)  a  straight  inlet  to  establish  baseline  inducer  performance 
(2)  a  112-degree  elbow  inlet  with  turning  vanes,  and  (3)  a  112-degree 
flattened  pancake  inlet. 

(U)  Suction  characteristics  of  the  350K  inducer  with  the  straight  inlet’ 
compared  favorably  with  predicted  levels.  Peak  suction  specific  speed 
was  near  25,000  rpm  (gpm)l/2/ft^/^. 
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(U)  Suction  performance  with  the  elbow  Inlet  compared  favorably  with  Umt 
of  the  straight  inlet  and  with  predicted  suction  performance  levels, 
Maximum  demonstrated  suction  specific  speed  was  24,000  rpm  (gpra)1 ' 2 If: t3^. 

(U)  Suction  performance  with  the  pancake  inlet  also  compared  favorably 
with  that  of  the  straight  inlet  and  with  predicted  levels  of  suction 
performance.  Maximum  demonstrated  auction  specific  speed  was 
23,500  rpm  (gpm)T/2/ft3/4. 

(U)  Indicated  noncavitated  performance  with  the  straight  Inlet  was  about 
15%  lower  than  determined  during  oxidizer  pump  testa  under  Con¬ 
tract  NASC-2Q54Q  using  LO2  and  LN2  as  the  pumped  fluids. 

(C)  The  noncavitated  head  coefficient  versus  flow  coefficient  slope  was 
steeper  with  the  elbow  inlet  and  the  head  coefficients  were  higher  at 
low  flow  coefficients  than  obtained  with  the  straight  inlet.  The  head 
coefficient  flow  coefficient  characteristic  with  the  pancake  inlet  was 
approximately  the  same  level  as  with  the  straight  inlet,  but  .It.iJ  a  dis¬ 
continuity  between  'flow- to- speed  ratios  of  0.16  and  0. 13. 

(U)  Higher  noise  levels  emanate  from  the  pancake  inlet  at  low  flow -to  - 
speed  ratios  and  also  at  high  speeds  indicating  a  possible  structural 
problem. 

(U)  Large  static  pressure  losses  occur  in  the  inlet  section  of  both  tne 
elbow  and  pancake  housings  at  low  f low -to-speed  ratios.  These  losses 
appear  to  he  pump  related  and  are  accompanied  by  severe  inlet  pressure 
oscillations, 

(U)  The  various  inlet  configurations  were  tested  over  the  range  of  flow- 
to-speed  ratios  expected  in  the  engine  throttling  rang**;  however,  maximum 
speed  and  flow  rates  were  restricted  by  test  stand  limitations  to  about 
40%  of  design.  It  is  believed,  however,  that  the  test  results  can  be 
extrapolated  to  design  conditions. 

(U)  The  elbow  inlet  appears  to  be  superior  to  the  pancake  inlet  and  is 
recommended  for  both  the  fuel  and  liquid  oxygen  pumps  although  some 
slight  modification  to  the  inlet  may  be  required  to  fit  this  configuration 
into  the  engine  envelope  on  the  fuel  pump  inlet. 

3.  Testing 

(U)  The  pump  inlet  evaluation  test  program  was  conducted  using  the  existing 
closed  loop  water  test  facility  in  test  stand  D-34,  which  is  shown  in  Fig¬ 
ure  135.  This  facility  includes  a  250-hp  d-c  motor  gearbox  unit  capable 
of  closely  controlled  speeds  up  to  9000  rpm.  The  test  stand  has  one  5- 
inch  and  two  8- inch  parallel  loops  with  flew  measurement  capability  from 
zero  to  4000  gpm.  A  schematic  of  the  D-34  test  stand  is  shown  in  Fig¬ 
ure  136.  The  test  rig  incorporated  an  existing  350K  liquid  oxygen  turbo- 
pump  inducer,  which  demonstrated  a  suction  specific  speed  capability  of 
23,000  rpm  (gpm)*/2/ft3/4  in  liquid  oxygen  during  the  350K  Liquid  Oxygen 
Program,  Contract  NAS8-20540. 


153 

CONFIDENTIAL 


UNCLASSIFIED 


(li)  Water  testing  of  a  straight  inlet  section,  shown  in  Figure  137,  was 
conducted  to  establish  a  baseline.  Testing  was  then  conducted  on  a  short 
radius  elbow  with  turning  vanes  (Figure  138)  and  a  pancake  inlet  (Fig¬ 
ure  139).  Each  of  these  configurations  was  constructed  with  transparent 
windows  to  permit  taking  photographs  of  the  flow  patterns  at  the  inducer 
inlet.  However,  the  lucite  material  was  easily  damaged  by  inducer  tip 
cavitation  as  shown  in  Figure  140  and  little  useful  information  was  ob¬ 
tained.  In  each  configuration,  damage  to  the  viewing  section  necessitated 
replacing  the  window  with  a  steel  insert  or  f tberglassing  over  the  window. 

(U)  Testing  was  conducted  by  setting  a  positive  inlet  pressure  at  the  rig 
and  then  accelerating  to  the  desired  speed.  Flow  rate  was  varied  to  deter¬ 
mine  the  head-flow  characteristics,  and  inlet  pressure  was  reduced  until 
cavitation  occurred  to  determine  suction  performance.  The  test  results 
are  summarized  in  Tnble  XVT . 


(U)  Figure  137.  Straight  Inlet  Test  Installation 
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(U)  Figure  138.  Short  Radius  Elbow  With  Turning 
Vanes  Inlet  Test  Installation 


(U)  Figure  139.  Pancake  Inlet  Test  Installation  FE  76743 
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(U)  Figure  140.  Cavitation  Damage  on  Luclte  FE  75129 

Viewing  Section 


(C)(U)  Table  XVI.  Cavitation  Test  Data 


Flow 

(gpm) 

Speed 

(rpm) 

Q/N 

(gpm/ rpm) 

Inlet  Pressure 
at  3%  Cavitation 
(psia) 

Suction 

Specific 

Speed 

/(rpm)  (&pm)1/2\ 

V  ft3/4  j 

Net  Positive 
Suction  Head 
(ft) 

Straight  Inlet 

1450 

7000 

0.21 

12.5 

22,600 

27.0 

1540 

8500 

0.18 

17.8 

20,900 

40.0 

1260 

7000 

0.18 

13.0 

19,900 

29.0 

1670 

7000 

0.24 

13.9 

21,900 

31.0 

2025 

8500 

0.24 

19.2 

22,600 

43.3 

1750 

8500 

0.21 

17.4 

22,800 

39.0 

1035 

7000 

0.15 

15.4 

15,300 

35.0 

1030 

7000 

0.15 

14.6 

16,700 

32.5 

1260 

8500 

0.15 

20.0 

17,400 

45.0 

420 

7000 

0.06 

22.0 

7,800 

49.0 

500 

6000 

0.08 

14.6 

9,900 

32.5 
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Table  XVI. 

Cavitation  Test 

Data 

(Continued) 

Flow 

Speed 

Q/N 

Inlet  Fressure 

Suction 

Net  Positive 

(SPnO 

(rpm) 

(gpm/rpm) 

at  37.  Cavitation 

Specific 

Suction  Head 

(psia) 

Speed  v 

(ft) 

( (rprn) (spin)1/*  \ 

11 

»-h 

rr 

Elbow  With  Turning  Vanes 

1910 

8500 

0,23 

18.2 

22,500 

42.0 

1750 

3500 

0.21 

16.4 

23,250 

38.0 

1455 

7000 

0.21 

11.3 

23,060 

26.3 

1545 

7500 

0.21 

12.3 

23,900 

28.5 

2015 

8500 

0.24 

17.4 

23,700 

40.5 

1670 

7000 

0.24 

12.1 

23,450 

28.1 

1565 

7000 

0.22 

11.7 

23,100 

27.5 

1495 

8500 

0.18 

17.9 

20,200 

41.5 

Banjo  Inlet 

1250 

8500 

0.15 

20.7 

17,370 

44.7 

1550 

8500 

0.18 

16.3 

22,830 

36.0 

1830 

8500 

0.22 

16.9 

23,450 

38.5 

2050 

8500 

0.24 

21.3 

21,400 

47.2 

1770 

8000 

0,22 

17.2 

22,500 

37.0 

600 

7000 

0.086 

17.3 

11,330 

37.5 

1010 

7000 

0.14 

14.0 

17,100 

30.5 

1220 

7000 

0.17 

11.0 

22,950 

23.5 

1575 

7000 

0.23 

13.2 

22,200 

29.0 

1695 

7000 

0.24 

15.1 

21,100 

32.8 

4.  Analysis 

a.  Cavitation  Performance 

(U)  Suction  performance  was  based  on  an  inlet  pressure  in  a  straight 
section  of  line  upstream  of  each  of  the  inlet  housings.  The  approximate 
locations  of  the  inlet  pressure  taps  are  shown  in  Figures  141,  142,  and 
143.  The  suction  specific  speed  versus  unit  flow  for  the  straight, 
elbow,  and  pancake  inlets  is  presented  in  Figures  144,  145,  and  146, 
respectively.  These  curves  are  based  on  3%  inducer  noncavitating  head 
fall-off.  The  percent  predicted  head  coefficient  versus  net  positive 
suction  head  for  all  cavitation  points  is  provided  in  Figures  147  through 
152.  In  some  instances,  the  3%  head  fall-off  point  was  not  reached; 
however,  it  was  apparent  visually  and  from  Increased  noise,  that  the 
inducer  was  cavitating.  Percent  predicted  head  coefficient  versus  suction 
specific  speed  is  shown  in  Figures  153  through  158. 
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(U)  Figure  141.  Straight  Inlet  Test  Section  FD  25424 

Pressure  Tap  Locations 


(U)  Figure  142.  Elbow  Test  Section  Pressure  FD  25425 

Tap  Locations 
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(U)  Figure  143.  Pancake  Test  Section  Pressure 
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FD  25426 


<U)  Figure  144.  Suction  Specific  Speed  vs  Unit  DFC  66833 
Flow  for  Straight  Inlet 
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(U)  Figure  147.  Percent  Noncavltating  Head  DFC  66836 

vs  Net  Positive  Suction  Head 
(Straight  Inlet) 
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(U)  Figure  148.  Percent  Noncavltatlng  Head  vs  DFC  66837 

Net  Positive  Suction  Head 
(Straight  Inlet) 
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(U)  Figure  149.  Percent  Noncavitating  Head  vs  PFC  66838 
Net  Positive  Suction  Head  i 

(Elbow  Inlet) 
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(U)  Figure  150.  Percent  Noncavitating  Head  vs 
Net  Positive  Suction  Head 
(Elbow  Inlet) 
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(U)  Figure  151 


DFC  66840 


Percent  Noncavitating  Head  vs 
Net  Positive  Suction  Head 
(Pancake  Inlet) 
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(U)  Figure  152.  Percent  Noncavitating  Head  vs 
Net  Positive  Suction  Head 
(Pancake  Inlet) 
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(U)  Figure  153.  Percent  Noncavltating  Head  vs  DFC  66842 
Suction  Specific  Speed  (Straight 
Inlet) 
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(U)  Figure  i54.  Percent  Noncavltating  Head  vs  DFC  66843 
Suction  Specific  Speed  (Straight 
Inlet) 
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(0)  Figure  155.  Percent  None av it* ting  Head  vs  DFC  66844 
Suction  Specific  Speed  (Elbow 
Inlet) 


(U)  Figure  156.  Percent  Noncavitating  Head  vs  DFC  66845 
Suction  Specific  Speed  (Elbow 
Inlet) 
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(U)  Figure  157.  Percent  Noncavltating  Head  vs  DFC  66846 
Suction  Specific  Speed  (Pancake 
Inlet) 
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(U)  Figure  158.  Percent  Noncavltating  Head  vs  DFC  66847 
Suction  Specific  Speed  (Pancake 
Inlet) 


CONFIDENTIAL 


(U)  Suction  performance  of  the  350K  Inducer  for  ell  three  Inlet  configura¬ 
tions  was  as  predicted.  The  predicted  levels  for  the  elbow  and  pancake 
Inlets  used  the  baseline  level  for  the  straight  Inlet,  corrected  for  the 
expected  total  pressure  losses  In  the  elbow  and  pancake,  respectively, 
using  the  loss  factors  predicted  by  the  electrical  analog  study  shown  in 
Figure  134.  The  predicted  total  pressure  loss  through  the  elbow  inlet 
was  small,  thereby  providing  a  suction  specific  speed  curve  that  Is 
essentially  the  same  as  the  baseline  straight  inlet.  Predicted  peak 
suction  specific  speed  for  the  pancake  was  23,700  rpm  (gpm)^/2/f t3/4j 
which  represents  a  loss  of  1300  rpm  (gpm)*'2/jjt3/4  fr0m  the  straight 
Inlet  baseline. 

(C)  Data  from  the  350K  pump  rig  using  both  LOj  and  12*2  obtained  under 
Contract  NAS8-2540  are  shown  in  Figure  144.  Suction  specific  speed 
values  for  LO2  and  LN2  data  were  corrected  for  recirculation  flow  and 
thermodynamic  suppression  head  and  are  also  based  on  37.  inducer  head 
fall-off.  Although  the  water  tests  were  limited  to  flow  rates  and  speed 
of  about  407.  of  design  because  of  test  stand  limitations,  the  excellent 
agreement  between  the  water  data  and  the  high  speed  (20,000  rpm)  LO2 
tests  indicate  that  the  water  test  results  can  be  used  to  predict  engine 
requirements. 

(U)  At  low  flow-to-speed  ratios,  noise  and  vibration  levels  were  considerably 
higher  than  at  flow-to-speed  ratios  near  design.  Large  static  pressure 
losses  In  the  inlet  section  of  both  the  elbow  and  pancake  configurations 
accompanied  by  severe  inlet  pressure  oscillations  were  also  noted.  During 
throttling  operation  the  pump  would  operate  In  the  flow-to-speed  ratio 
range  of  these  inlet  disturbances.  Several  cavitation  points  were  taken 
with  the  pancake  inlet  at  these  conditions  and  suction  performance  was 
as  predicted.  No  cavitation  data  were  obtained  at  low  flow-to-speed 
ratios  with  the  elbow  inlet,  however,  the  results  of  the  pancake  inlet 
did  not  Indicate  that  cavitation  performance  was  adversely  affected. 

b.  Noncavitated  Performance 

(U)  Noncavitated  performance,  which  is  shown  in  Figures  159,  160,  and  161, 
was  based  on  a  static  discharge  pressure  measured  in  the  discharge  plenum. 
Although  this  does  not  represent  the  true  inducer  characteristics  because 
of  the  additional  housing  losses,  it  was  used  for  comparison  because  it 
was  believed  that  the  plenum  pressure  measurement  was  the  most  repeatable. 
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(U)  Figure  159.  Unit  Head  vs  Unit  Flow  DFC  66848 

(Straight  Inlet) 


(U)  Figure  160.  Unit  Head  vs  Unit  Flow  (Elbow  DFC  66849 
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(U)  Figure  161.  Unit  Head  vs  Unit  Flow  (Pancake  DFC  66850 
Inlet) 

(U)  Noncavitated  head  rise  based  on  the  static  pressure  tap  at  the  impeller 
discharge  was  approximately  157.  lower  than  observed  with  liquid  oxygen 
during  previous  testing  with  the  discharge  pressure  tap  in  a  similar 
location.  The  reduced  head  rise  may  be  attributed  to;  (1)  leakage  past 
labyrinth  seals  that  could  affect  the  static  inducer  discharge  measure¬ 
ment  (the  pressure  tap  location  was  directly  upstream  of  the  impeller 
front  labyrinth  seals  and  the  water  test  rig  had  no  seals  or  impeller); 

(2)  the  running  blade  clearance  was  greater  for  the  water  tests  than  on 
the  liquid  oxygen  tests.  Although  both  pumps  had  the  same  assembled  tip 
clearances  they  operated  at  significantly  different  temperatures  and  the 
difference  in  thermal  contraction  of  the  inducer  and  housing  reduced 
running  clearance  at  liquid  oxygen  temperatures.  The  increased  recircu¬ 
lation  flow  during  the  water  tests  with  increased  tip  clearances  would  be 
expected  to  reduce  head  rise. 


(C)  The  noncavitated  head  coefficient  for  the  elbow  inlet  was  higher  and 
had  a  steeper  slope  than  the  straight  inlet.  This  effect  is  because  of 
the  reduction  of  prerotation  with  the  elbow  inlet.  At  capacities  less 
than  design,  prerotation  with  a  straight  inlet  is  in  the  direction  of 
impeller  rotation,  which  results  in  a  reduction  cf  head.  It  can  be  seen 
from  Euler's  equation  for  ideal  head  ris*, 


U,C 
2  u„ 


-  U.C 
1  u. 


that  with  the  tangential  component  of  inlet  fluid  velocity  (Cu^)  positive 
(i.e.,  in  the  direction  of  impeller  rotation)  a  reduction  of  head  results. 
Prerotation  with  the  straight  inlet  was  investigated  and  is  shown  ir.  Fig¬ 
ure  162,  presented  as  an  inlet  line  wall  3tatic  pressure  rise.  It  can  be 
seen  that  the  pressure  rise  reached  a  minimum  (no  prerotation^  at  the 
design  f low- to-speed  ratio  of  0.22. 
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(U)  Figure  162.  Comparison  of  Unit  Head  vs  Unit  DFC  66851 
Flow  for  All  Inlets  Tested 


(C)  The  head  coefficient*  flow  coefficient  characteristic  with  the  pan¬ 
cake  inlet  was  approximately  the  same  level  as  with  the  straight  inlet 
but  had  a  discontinuity  between  f low-to-speed  ratios  of  0.16  and  0.18. 

(U)  A  comparison  of  the  head  coefficient,  flow  coefficient  characteristics 
for  all  inlets  tested  is  provided  in  Figure  163.  The  velocity  profile  ob¬ 
tained  from  a  traversing  total  pressure  probe  located  just  upstream  of 
the  inlet  is  provided  in  Figure  164.  The  curve  indicates  the  effect  of 
the  upstream  bend.  The  magnitude  of  the  variation  about  a  mean  velocity 
is  small  and  should  not  be  a  major  factor  in  the  inlet  pressure  disturbances. 


(U)  Figure  163.  Inlet  Line  Wall  Static  Pressure  PF  68530 
Rise  Because  of  Prerotation 
(Straight  Inlet) 
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(U)  Figure  164,  Velocity  Frofiie  at 
Inlet  Housing  Flange 
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D.  NOZZLE  FABRICATION  INVESTIGATION 

1.  Introduction 

(U)  An  investigation  of  nozzle  fabrication  techniques  was  conducted  to 
provide  additional  dots  and  information  to  support  the  subsequent  design 
of  the  two-position  nozzle.  Sample  nozzle  panels  were  fabricated  to 
evaluate  manufacturing  techniques,  and  successful  panels  were  subjected 
to  hydraulic  stress  and  thermal  cycling  tests  to  determine  structural 
capability. 

2.  Summery,  Conclusions,  and  Recommendations 

(U)  Nozzle  design  and  fabrication  optimisation  studies  were  conducted 
and  completed.  It  was  concluded  that  the  material  most  suitable  for 
constructing  this  two-position  nozzle  application  was  Inconel  625  (AMS  5599') 
and  that  the  internal  corrugated  design  was  the  most  feasible  to  fabricate. 
An  important  factor  in  this  selection  was  that  the  deotgn  allowed  the 
use  of  standard  stiffener  bands  on  tVte  smooth  outer  surface, 

(U)  It  was  also  concluded  that  stiffener  bands  of  the  "dunce  hat"  design 
would  be  used  for  the  optimum  lightweight  configuration.  The  progressive 
die  forming  process  produced  good  corrugation  detail  with  minimum  elon¬ 
gation  and  was  selected  for  final  fabrication.  Resistance  seam  welding 
the  assembly  provided  the  easiest  and  most  reliable  construction  method 
and  produced  high  quality  stiffener  bands,  as  substantiated  by  the 
samples  fabricated  and  the  hydrostatic  tests  performed. 

(C)  Twenty-one  thermal  fatigue  tests  were  conducted  on  segments  of  the 
sample  panels.  The  proposed  panel  (0.005-inch  thick  corrugated  inner 
sheet  with  0.010-inch  thick  outer  sheet)  could  not  complete  the  required 
minimum  of  300  thermal  cycles  at  the  predicted,  nozzle  temperatures;  in 
fact,  the  average  was  33  cycles.  The  nozzle  hot  wall  temperature  had 
to  be  decreased  to  1760aR,  which  is  400°  below  that  desired,  before 
300-cycle  fatigue  life  could  be  achieved.  Increaclng  the  thickness  of 
the  corrugated  sheet  to  0.010  inch  allowed  the  hot  wall  temperature  to 
be  increased  to  2010*41  for  300  cycles  of  fatigue  life,  while  causing 
only  a  10%  increase  in  che  total  nozzle  weight.  Therefore,  this  0.010/ 
0.010-inch  thick  nozzle  configuration  using  the  internal  corrugation 
design  is  recommended  for  the  subsequent  two-position  nozzle  design. 

3.  Analysis 

a.  Design  Study 

(U)  To  optimize  the  performance  of  an  engine  using  a  lightweight,  two- 
position  nozzle,  it  was  necessary  to  design  the  nozzle  to  maintain  the 
inner  wall  temperature  as  hot  as  possible.  This  level  of  temperature 
was  controlled  mainly  by  the  material  selection,  material  thickness, 
coolant  flow  rate,  coolant  velocity,  and  configuration  geometry. 


173 


(U)  It  U  dasirabla  to  dxit  the  cooling  gases  at  as  high  a  temperature  as 
possible,  which  would  ba  aa  shown  tn  Figure  163,  To  do  this,  th*  inner 
hot  wall  muaf  be  tun  at  as  high  a  temperature  as  physically  possible 
*or  the  entire  length  of  th*  noaale  (i.e.,  constant  hot  wall  temperature) 

,  -V' ;  ■  V  ,  . 

.  •  V(  .  <'  ,v  V  ' .  ‘  •  '  .  .  ■  '  . 


AREA  RATIO  — 

(U)  Figure  165.  Fluid  Temperature  vs  Area  Ratio  FD  25317 


./• .  t  i  ,,  v.  ,s  .  ••  !•. 

(U)  Because  the  haat  flu*  (Q/A)  decreases  along  the  nosale  length,  as 
shewn  in  Figure  166,  and  film  coefficient,  h,  is  equal  to  (Q/A) AT,  the 
inside,  film  coefficient  plotted  against  area  ratio  la  as  shown  in  Fig¬ 
ure  167.  Because  h  W  (l/A) ,  the  coolant  passageway  flow  area  required 
ale  g  the  nosale  is  shaped  as  shown  in  Figure  168. 
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(U)  Figure  166.  Heat  Flux  vs  Area  Ratio  FD  25318 
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(U)  Figure  168.  Coolant  Passageway  Area  vs 
Area  Ratio 
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(U)  Figure  167.  Inside  Filfo  Coefficient  vs 

.  Ar*e  Rcclfj  ■■ 


b.  Material  Selection 

(U)  All  available  material  candidate*  ware  atudlad  for  us*  in  this 
nosale  application,  comparing  physical  properties,  mechanical  properties, 
and  ease  of  fabrication.  The  material  had  to  have  high  strength  at 
elevated  temperatures  and  good  ductility  at  both  room  temperature  end 
elevated  temperature!  so  it  could  be  forced  ertily  And  would  exhibit 
high  thermal  cycle  fatigue  strength.  Table  XVII  provides  a  comperiaon 
between  the  final  material  candidates.  Inconel  625  (AMS  5599)  proved  to 
be  the  moat  suitable  for  chic  application.  Table  XVXIX  lists  the  perti¬ 
nent  material  properties. 


(U)  Table  XVII.  Comparison  of  Material  Candida tee 
Elongation,  7. 


Room 

Temperature 

2000°R 

0.27,  Yield  Strength 
at  2000,R 
(pal) 

WaldaUUty 

Inconel  6?!> 

(AMS  5599) 

50 

^  *105 

40,000 

Good 

Haetelloy  X 
(AMS  5536) 

,37 

20 

22,000 

i  '  ‘ 

Feir 

Jlaatelloy  N 
(FWA  1036) 

45 

12 

22,000 

,  1 

Fair 

Mi  200 

(AMS  5553) 

50 

*110 

3,600 

Good 

TD  Nickel 
(PWA  1035) 

12 

\ 

2 

20,000 

Poor 

Stainless  Steel 
(AMS  5646) 

50 

35 

10,000 

Good 

^International  Nickel  Data 

«,  hihiwib  KM  ii  >i»  111— xwt  ■  i  n  II  > 1  A  nil**  HI  WKi  . wtomi— i »»—« ■  mu  «■■■—»■'  ■"  i»i 

(0|  Table  XVfll,  Properties  of  Inconel  625  (AMS  55^9) 
Density  -  0.305  lb/in? 

Ultimate  Tensile  Strength  at  Room  Temperature  -  147,000  psi 
0,23,  Yield  Strength  at  Room  Temperature  -  72,300  psi 
0.2%  Yield  Strength  at  146QeR  -  53,000  psi 
0.2%  Yield  Strength  at  2160' R  -  32,000  psi 
Elongation  -  507,  at  Room  Temperature 
Brazability  -  Good 
Formabllity  -  Good 
Corrosion  Resistance  -  Excellent 
Weldability  -  Good 


c.  Configuration  Study  j 

(U)  A  #tudy  of  different  heat  exchanger  con  figure  Clone  wan  conducted* 

Table  XIX  summer iza#  the  advantages  end  disadvantages  of  each  configuration 
studied.  Several  configurations  we re  eliminated  during  this  study,  with 
only  two  candidates  selected  for  further  investigation.  These  ware  the 
corrugated  inside  and  outside  diameter  configurations* 

(U)  Two  additional  sandwich-*  type  conf  iguratioiis  were  investigated  (rec¬ 
tangular  and  triangular  coolant  passages)  in  response  to  an  Air  Force 
request  for  alternative  designs  and  for  geometries  suitable  for  diffusion 
bonding.  These  configurations  were  not  fabricated  because  of  the  limited 
time  allowable  for  this  initial  investigation  and  the  nonavailability  of 
equipment  for  diffusion  bonding. 

d.  Heat  Transfer  Analysis 

(U)  All  work  performed  during  the  heat  transfer  analysis  assumed  a  low- 
speed  inducer  tapoff  coolant  supply  condition. 

(1)  Corrugated  Geometry 

(U)  The  design  point  weight  flows  were  set  using  a  one-dimensional 
“idealised"  analysis.  However,  a  two-dimensional  procedure  was  used 
to  set  the  flow  area  arid  tnciuded-angie  schedules  and  to  investigate 
the  effects  of  geometry  variations  from  the  design  point*  The  external 
corrugation  design  was  evaluated  first.  To  prevent  hoop  failure,  it  was 
necessary  to  attach  a  system  of  external  bands  to  the  nozzle  outer  diam¬ 
eter.  Corrugations  on  the  external  surface  made  the  band  attachment! 
extremely  difficult;  therefore,  the  internal  corrugation  design  was 
chosen,  Because  this  configuration  increased  the  exposed  surface  area 
to  the  hot  gases,  a  22%  coolant  flow  increase  was  required. 

(2)  Alternative  Configuration  Analysis 

(D)  The  rectangular  cooldnt  passage  configuration  was  investigated  first. 
Parametric  curves  were  developed  that  defined  the  coolant  passage  geometry 
at  location*  of  primary  interest.  Using  these  geometries,  the  cross- 
sectional  temperature  distribution  was  established,  and  coolant  pressure 
drop  arid  temperature  rise  trend  information  was  obtained-  Results  in¬ 
dicate  that  this  scheme  offers  a  reduction  in  coolant  flow  relative  to 
the  internal  corrugation  configuration  with  littld  change  in  weight. 

(U>  In  analyzing  the  triangular  coolant  passage,  the  coolant  flow  re¬ 
quirements  were  assumed  to  be  identical  to  the  rectangular  configuration. 
Parametric  curves  were  developed  that  defined  the  coolant  passage  geom¬ 
etry.  This  configuration  weighed  more  than  the  basic  corrugated  and 
rectangular  passage  configurations.  Figure  169  illustrates  the  three 
basic  designs  with  a  weight  and  flow  comparison. 
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(U)  Table  XIX,  Configuration  Study 


— '  II  . . n[l  M—— — i 

Annular 

l»  XUipUcUy  of  construction 

2*  Heir*  uniform  inner  sheet 
trsparaturc  gradient 

1.  Arts  required  would  dictate  s  0. 020-in. 
high  gep  at  the  inlet  that  would 
presont  e  tolerance  control  problem 

2.  Hot  inner  sheet  would  expand  approxi¬ 
mately  0.330  In.  on  the  radius  at  the  In¬ 
let  during  operation  and  umild  close 

off  0.020  in.  gap  due  to  cold  (not  ex¬ 
panding)  outer  sheet 

3.  Both  sheets  will  tee  entire  coolant 
pressure  ««  hoop  pressure  at  the 

33  In.  A  station,  strews  *  2*0,000  pal 

4.  Ho  vibration  control  of  inner  liner 

3.  Excessive  axial  growth  which  la  only 
restrained  at  inlet  and  exit 

Corrugated  Of) 

K  Smooth  inner  chest  might  result 
in  totter  nose  I*  performance 

2i  lower  coolant  (loo  then  corrupted 

ID 

3.  Can  to  gather  formed  and  a pot  welded 
(smell  die  required) 

1.  Hoys  is  requires  stiffener  bands  which 
are  cold  end  the  inner  sheet  (being 
stronger  of  two  sheets)  expands 
approximately  0.230  In.  on  the  rsdius 
and  cuts  off  coolant  passageway  or 
buckles  the  Inner  sheet 

2.  Difficult  to  Attach  stiffener a  to 
thin  material 

3.  High  bending  strews  because  coolant 
la  on  hot  low  strength  aide  - 
40t000  pat  bending 

Corrugated  III 

;  ■  :■  ;  , 

■  ■ 

t.  Nat  (mat  thaat  mama  radial  thar- 
Ml  growth  In  corrugation.  Mi  haa  uo 
candamy  to  data  off  puutMayi 
<avan  wtth  .tlfftnar  bauds) 

I.  Can  ba  |«char  Com*.  and  a  pet  waldad 
(«m11  ala  ra.ulrad) 

J.  1! talar  at Iffawsr  attaabaiuat 

*.  Night  allow  aaial  growth  with  foldad 
integral  handa  on  (lot  thaat,  thsraby 
ineioaalng  Uf  l|fa 

1.  Paean aa  flat  ahaat  la  alwaya  thlahar 
than  corrugation,  thta  configuration 
hat  an  anhancad  ''fin"  affact  at  tha 
walda 

1.  23X  higher  coolant  flow  than  outside 
soft,  because  of  larger  eurface  area  to 
be  coaled 

2.  Exit  recks t  nos  sis  fabrication  diffi¬ 
cult  in  eider  to  beep  discontinuities 
out  of  hot  gee  stream 

1.  Has  rigid  construction 

2.  Allows  installation  of  stiffener 
tonde  directly  to  tubes  without 

closing  off  passageway 

3.  Super lence  end  teat  dete  are  avail- 
llls  from  ALIO 

A.  Use  exposed  surface  ares  than 
configuration  3.  gcamobat  lasa 
flow  requirement 

1.  Heavy  because  of  IS  lb  brass  material 
end  double  wall  thickness  netwaen 

passageways 

2.  Taper  of  the  tubes  would  to  compli¬ 
cated  to  maintain  required  area  end 
c Iroumf erenco 

3.  Expensive  to  fabricate  (tubes,  man¬ 
drel*  ,  retort) 

4.  Difficult  to  attach  stiffener  rings 
to  thin  well  tube 

5.  Great  mother  of  tubes  at  inlet  (2330 
round  tubas) 

A.  High  temperature  pushing  brass  limit 

7 »  Deviations  from  eras  schedule  to 
smooth  out  contour  would  require 
more  coolant  flow 

E.  Nora  praaeura  drop  for  sene  coolant 
flow  as  in  configuration  3. 

(U)  Table  XIX,  Configuration  Study  (Continued) 
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I.  all  hoop  leapt  mot  ko  tranwltud 
to  tho  etlffonor  banda,  boraoao  tor* 
rugae  at  cannot  taha  loadi 


1(  radial  growth  It  not  olltatod  by 
at tac tenant  to  the  data,  thtrnol 
radial  gtovth  la  taken  In  eorrugo- 
tlona  otth  lltcla  effect  on  araa 
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alde-outaide  die 
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■Unlaaao  ourfaoo  area  erpuood  to 
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1.  High  bond  lot  etna*  on  tria  to  ahaot 
hot  aide  (rat  coolant  proaaurw  - 
M.fOO  pal 

I.  gttuta  nay  buckle  bocauaa  of  thonaal 
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9.  Difficult  to  fabrloata 

4.  Suit  rocket  noatlo  fabrication  proh* 
la*  a  1*11  or  to  Inelde  ocrrugotlona 

9.  Cop  (Might  very  mail  at  Inlet  Mo¬ 
tion,  tlwrofore,  heavy  -  relatively 
thick  veto  vtll  be  required  to  kaop 
the  gap  height  to  reaoonohlo  voluoo 
at  the  inlet  raglon 


b.  Hobo  ore  oat  lot  to  tool  than  ml  da  |  k. 

of  oonflguraeloaa  2,  3,  9  and  S  j 


Probably  *or«  pnaauro  drop  thee 
configuration  2. 
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(U)  Figure  169.  Nozzle  Configuration  FDC  25321A 

Comparison 


e.  Structural  Band  Study 

(U)  Several  configurations  of  the  sheet  metal  support  bands  for  the  ■' 
ring-stlf fened  translating  nozzle  under  hoop  compression  were  studied. 
Of  all  the  configurations,  the  integral  "rib,"  the  "hat  band,"  and  the 
"dunce  hat"  designs  seemed  more  promising,  and  these  we  a  studied  In 
detail.  The  "rib"  band  was  found  to  have  serious  adverse  pressure  drop 
effects  as  compared  to  the  "hat  band"  or  "dunce  hat"  configurations. 

Of  the  two  remaining  configurations,  the  "dunce  hat"  stiffener  had  the 
bast  characteristics  (ease  of  fabrication,  moment  of  inertia,  buckling, 
etc.)  and  showed  a  33%  weight  savings  in  comparison  to  the  "hat  band" 
design.  Figure  170  shows  that  the  "dunce  hat"  design  has  the  largest 
moment  of  inertia  tor  a  given  material  cross  section  of  the  several 
configurations  studied.  A  comparison  of  the  band  weights  for  different 
applications  is  shown  in  Figure  169  . 

4.  Fabrication  Investigation 

a.  Method  Selection 

(U)  The  first  step  in  this  fabrication  study  was  to  select  a  method  to 
form  the  corrugated  section  of  the  assembly.  Several  techniques  were 
considered,  including  explosive  forming,  hydrostatic  forming,  and  die 
forming.  The  explosive  forming  method  was  used  previously  on  a  small 
dump-cooled  nozzle  extension  of  an  RL10  nozzle,  but  material  thinning 
and  difficulty  in  holding  tolerances  eliminated  this  method.  From  the 
two  remaining  methods,  die  forming  was  selected  because  it  offered  the 
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highest  degree  of  success.  Figure  171  Illustrates  the  typo  of  gather 
forming  die  selected  to  form  the  sample  panel  and  low  cycle  thermal 
fatigue  teat  samples.  Hie  corrugated  sheets  were  joined  to  the  flat 
sheets  by  resistance  welding  (as  was  successfully  demonstrated  In  the 
RL10  dump-cooled  nozrie  program) . 

(U)  A  die  was  fabricated  to  form  corrugated  panels,  but  with  a  panel 
size  reduced  to  18-lnch  long  and  16  corrugations  wide.  The  corrugation 
height  was  varied  from  0,2.93  to  0.350  Inch  over  the  18-inch  sample.  The 
samples  represented  the  nozzle  inlet  configuration  where  maximum 
thermal  stresses  occur. 


(U)  Figure  170.  Band  Height  vs  Moment 
of  Inertia  for  Several 
Configurations 


DF  68251 
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(U)  Figure  17 1.  Gather  Forming  i)ie  FD  23215 

b.  Fabrication 

(U)  The  first  corrugated  sheet  formed  with  the  die  set  was  measured  and 
found  to  have  corrugation  heights  16.5%  below  the  blueprint:  requirements. 
The  material  spring-back  after  forming  had  caused  this.  The  final  die 
set  for  the  actual  noszle  will  be  designed  to  compensate  for  this  mate¬ 
rial  spring-back  to  obtain  the  blueprint  limits.  It  was  impractical  to 
rework  this  die  set  because  it  was  for  sample  panels  only.  To  eliminate 
some  of  the  spring-back,  all  the  corrugated  panels  were  placed  in  a 
retort,  annealed  at  1875°F  i  25°F  for  30  minutes  in  hydrogen,  cooled 
in  the  retort,  and  than  restruck  with  the  forming  die.  This  Increased 
the  corrugation  height  to  within  3%  of  the  blueprint  requirements. 

(U)  The  corrugated  sheets  were  then  resistance  seam  welded  to  flat 
sheet  stock  to  make  sample  assemblies,  as  shown  in  Figure  172. 


(U)  Figure  172.  Corrugation  Sample  Panel  FD  23227 
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(U)  Altitude  and  sea  level  configuration  supporting  bands  q f  the  "hat 
band"  style  were  spun.  These  rings  were  cut  Into  segments  and  tacked 
in  place  on  the  flat  side  of  the  sample  assemblies  to  maintain  their 
position  during  the  braze  cycle.  Silver  braze  wire  was  then  tacked 
in  place  at  the  Joints  of  the  stiffeners  and  the  assembly  run  through 
the  furnace  braze  cycle.  The  stiffeners  would  not  need  to  be  tack 
welded  to  the  full-scale  nozzle,  as  was  done  in  the  case  of  these  Bmall 
segments,  but  would  be  fixtured  and  held  in  position. 

(U)  Three  assemblies  were  made  that  demonstrated  the  integral  band 
design.  The  corrugated  sheets  were  resistance  welded  to  stacked  segments 
of  a  spun  ring.  The  ribs  of  the  rings  were  then  welded  to  form  the 
assembly,  as  shown  in  Figure  173.  The  corrugated  sheets  were  also  Cut 
Into  smaller  segments  and  seam  welded  to  special  shaped  flat  sheets 
for  thermal  fatigue  subassembly  samples.  The  sample  panels  were  cut 
into  segments  and  used  as  hydrostatic  pressure  test  specimens. 

5.  Test 

a.  Hydrostatic  Pressure  Test 
(1)  Unrestricted  Specimens 

(U)  Three  two-corrugation  pressure  test  specimens  were  made  per  Figure  174 
These  specimens  are  sections  of  the  sample  12-corrugation  panel  assemblies 
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(U)  Figure  173.  Integral  Bind  Design  Sample  FD  25322 

Panel 
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(U)  The  first;  specimen  pressurised  failed  at  275  psig.  Examination 
revealed  that  the  specimen  failed  at  a  spot  tack  weld  that  was  outside 
the  resistance  weld  width.  The  failure  is  depicted  in  Figure  175a.  The 
corrugated  sheets  were  spot  tack  welded  to  the  flat  back  sheet  prior  to 
resistance  welding  of  the  assemblies.  The  resistance  welds  were  supposed 
to  coyer  the  spot  tacks.  The  teat  specimen  failed  at  one  tack  weld  that 
was  not  centered  and  the  resistance  weld  had  not  covered  it. 

(U)  The  next  two  specimens  were  pressurized  and  failed  at  275  psig  and 
400  psig,  respectively.  Sotfh  specimens  started  to  roll  up  as  shown  in 
Figure  175b,  and  both  failed  at  the  4dge  of  the  resistance  weld,  but  at 
random  points  along  the  specimen. 

(2)  Restricted  Specimen 

(U)  All  of  the  unrestricted  specimens  tended  to  roll  up.  To  assure 
that  this  rolling  did  not  cause  early  failures,  a  specimen  was  tack 
welded  along  the  edges  (four  places  both  sides)  to  a  1/8-inch  steel  sheet. 
This  specimen  was  pressurized  to  380  peig,  at  which  point  one  of  the  tack 
welds  tore  loose  and  caused  a  leak  in  the  corrugation,  as  shown  in  Fig¬ 
ure  175c.  The  other  tack  welds  on  the  No.  1  corrugation  side  still  held, 
so  the  No.  2  corrugation  was  pressurized.  This  corrugation  held  until  the 
other  tack  welds  on  the  No.  1  side  broke  loose;  when  the  No.  1  corrugation 
folded  up,  the  No.  2  corrugation  failed  next  to  the  resistance  weld.  This 
again  indicated  that  the  rolling  up  caused  premature  failures. 

(U)  Th«  second  specimen  was  seam  welded  on  both  sides  to  the  1/8-inch 
thick  jr late,  as  shown  In  Figure  175d.  This  specimen  had  both  corrugations 
pressurized  to  1300  psig.  At  this  pressure,  one  corrugation  failed  next 
to  the  scam  weld.  The  other  corrugation  held  1300  pF*g  with  no  failure. 
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(U)  Figure  175.  Failed  Hydrostatic  Test  Samples  FD  24954 
b.  Resistance  Weld  Quality  Tests 

(1)  Micro-Examination  o2  Joints 

(U)  A  section  of  a  sample  corrugated  panel  was  taken  to  the  Materials 
Development  Laboratory  (MDL) ,  mounted  in  plastic/  and  examined  to 
determine  the  quality  of  the  resistance  weld.  The  mounted  specimen 
and  a  closeup  of  the  joint  are  shown  in  Figure  176.  Table  SX  shows  the 
results  of  this  examination. 

(U)  Surface  burning  and  expulsion  were  present  in  the  seam  welds.  These 
conditions  can  cause  rejection  and  must  be  eliminated  on  the  final 
assembly. 

(13)  During  this  examination,  the  thickness  of  tho  Q. 005-inch  thick  cor¬ 
rugated  sheet  was  checked  to  see  if  thinning  had  occurred  during  die 
forming.  Microscopic  and  micrometer  readings  ohowed  no  measurable  thinning 
had  occurred. 

(2)  Tensile  Test  of  Resistance  Welds 

(U)  The  tensile  teat  specimens  were  constructed  by  cutting  the  sheet 
Into  1-inch  wide  strips,  12-inch  long.  The  two  thicknesses  to  be  evaluated 
were  stacked  and  resistance  welded  6  in,  fran  the  end,  giving  8  1-inch 
length  of  weld  to  be  tested.  The  two  ends  of  the  same  thickness  material 
were  folded  back  together  and  the  load  applied  to  these' ends,  as  shown 
in  Figure  177. 


Mounted  Neat*  Sample  Panel  Specimen 


Ckweup  of  Joint  of  Specimen 


(U)  Figure  176.  Resistance  Weld  Examination 
Specimen 
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(U)  Table  XX.  Resistance  Weld  Measurements 


No.  3 
(ln.> 


0.001 


Penetration  into 
0.005  in. -thick  material 


0.005 


Penetration  into 
0.010  in. -thick  material 
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(U)  Figure  177.  Resistance  Weld  Test  Sampled 
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(U>  The  initial  tests  were  conducted  with  0. 005-inch  thicjc  incbnel  625  (AMS 
welded  to  0.010-infch  Inconel  625  (AMS  5599)  with  the  following  results: 


5599) 


Ma^imudi  Load,  lb 

189  ib  average 


225 
218  } 
125 


Examination  of  the  welds  after  failure  revealed  the  weld  nuggets  to  be 
0.050-inch  apart  (center- to-center)  and  the  nugget  diameter  was  O.G20  inch. 
The  nuggets  should  overlap  as  illustrated  in  Figure  177.  A  second  test 
conducted  with  this  material  combination  showed  the  following  results: 

Maximum  Load ,  lb 


435 

302 

336 


357  lb  average 
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fccamination  travelled  the  weld  nudist  diameter  tu  be  0,025  Inch  and 
nugget a  were  overlapping  with  0.030  Inch  center-tnrcencer  distance. 
Figure  173  shows  the  specimens  from  the  first  two  teen*. 


<U)  Figure  178.  ;.  Specimen*  AC  ter  First  Two  Tests  FE  78030 


(U)  The  next  teat  w«.?  conducted  with  0*010 -inch  thick  Inconel  625  ^AMS  5599) 
welded  to  O.OlOHnch  thidk  Inconel  625  Cm  5599>  with  the  following  results 


Maximum  Load,  lb 

]  ■' 

599 

343 
399  j 


'0$:  lb  Average 


The  weld  nuggets  were, 0.035 u inch  in  diameter  and  nugget  center- tor center 
distance  was  0.030  Inch,  resulting  in  a  good  overlapping  seam  weld. 


(3)  Tear  Test  of  Resistance.  Weld-  .  .  \ 

(U)  An  inch  wide  piece  of  0.005rinch  thick  Inconel  625  (AKS  5599)  and 
0.010-inch  thick  Inconel  625  (AMS  5399)  were  resistance  voided  "long  the 
length  for  2  inches  and  centered  0.500  inch  from  the  edge.  The  ends  not 
welded  were  pulled  apart,  and  a  maximum  force  of  7.5  lb  average  was  fe* 
corded,  as  shown  in  Figure  177c.  All  specimens  tore  evenly,  with  the 
original  torn  edge  rounded  with  a  G. 015-inch  radius.  The  weld  nugget 
was  0.020  inch  in  diameter. 

c.  Thermal  Fatigue  Investigation 

(U)  An  attempt  was  made  to  predict  the  LCF  life  for  the  corruget ipns  of- 
the  two-position  nozzle.  The  prediction  system  used  was  the  S.  8.  Manson 
technique,  which  uses  the  universal  slopes  equation  for  calculating  the 
predicted  LCF  life.  When  using  this  equation,  it  is  requited  that,  for 
low  cycle  rates  and  relatively  high  temperatures,  an  additions!  check 
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be  mo  do  to  dafarnimt  If  the  failures  might  hi  tin*  dependant  or  er««p 
limited.  A  chick  was  mid#  and  tha  limit  css*  for  th«  expected  operating 
conditions  was  not  craap  hut  ftfcigiio  ruptured.  Thsrefors,  tha  Kansan 
aquation  for  sslstisd  values  of  total  a train  was  uaad  to  datsrmine  cycle 

+  »°*e  v0*6 


K  Modulus  of  elasticity 
#u  •  dltlmat*  tana  tie  strength 
5  «*  Ductility 

/ YL  "  Cycle  life 
■  Af.  w  SOtal  strain  range  . 

(C)  Beceuro  prediction  of  LCF  becomes  more  of  a  definition  of  LCF  range 
than  an  actual  predicted  number,  it  should  be  understood  that  when 
actual  conditions  ere  inserted  In  the  aquation,  estimates  of  elevated 
temperature  LCF  behavior  can  be  macje  « s  follows: 

1.  An  an  estimate  of  the  lower  range  of  life,  use  either  10%  iff 
or  rjf '  (Creep) ,  whichever  is  tha  lower.  For  the  two-position 
nozzle,  the  temperatures  were  such  that  the  lower  limit  case 
was  l|£  or  LCF,  not  If creep  rupture- 

2.  As  an  estimate  of  average  life,  use  two  times  the  lower 
range 

3.  As  an  estimate  of  upper  range  of  life,  use  10  times  the 
lower  range  life, 

(U)  Three  limits,  which  the  LCF  test  data  should  fall  within,  are  shown 
In  figure  179.  The  actual  Cast  data  from  the  LCF  test  are  also  shown  on 
this  figure  as  being  within  the  acceptable  predicted  scatter  of  test  data 
it  should  he  noted  that  there  are  no  published  data  for  reduction  of 
area  (required  to  determine  ductility  for  the  Manson  equation)  for  thin 
sheet  metal.  P&A'A  laboratory  tests  indicated  values  around  20%  to  30% 
and  were  used  to  establish  the  limits  shown  in  Figure  179. 

(C)  The  purpose  of  the  thermal  fatigue  investigation  was  to  develop  a 
method  to  simulate  in  the  laboratory  the  nozzle  thermal  stress  that  would 
occur  during  actual  nozzle  firings.  The  theoretical  nozzle  temperatures 
to  be  obtained  with  the  corrugated  inside  diameter  design  were:  (1)  cor¬ 
rugation  crown  temperature  to  be  2060°R;  (2)  resistance  weld  at  the  valley 
temperature  to  b»  1800°R  to  1900°R;  and  (3)  center  of  the  cold  side  tem¬ 
perature  to  be  ISQWft.  These  conditions  exist  at  the  coolant  inlet  to 
the  nozzle  and  produce  the  maximum  temperature  difference  from  cold  side 
to  crown  in  the  nozzle. 
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(U)  Figure  179.  Strain  vs  Cycle  Life  for  DFC  68256 

Inconel  625  (AMS  5599) 

(1)  Flat  Sample  Tests 

(U)  Corrugated  segments  of  the  configuration  3hown  in  Figure  180  were  used 
for  the  initial  investigation  of  heating  and  cooling  techniques.  The 
heat  was  supplied  with  a  portable  quartz  lamp  unit  producing  75  watts 
per  square  inch.  The  flat  side  of  the  specimen  was  first  air-cooled  and 
then  water-cooled  by  suspending  it  in  a  water  bath.  One  of  the  specimens 
had  a  1/8  inch  coating  of  Rockide  applied  to  the  flat  side  of  the  resistance 
weld  area  and  the  center  of  the  cold  side  exposed. 
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Section  A-A 


(U)  Figure  180.  Initial  Thermal  Fatigue  Sample  FD  25324 
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(U)  The  data  from  these  tests,  shown  in  Figures  181  through  184,  showed 
that  different  heating  and  oooling  methods  were  required  to  obtain  the 
correct  temperature  difference. 

(2)  Finned  Sample  Tests 

(U)  Thermal  fatigue  specimens  of  the  configuration  shown  In  Figure  185 
were  constructed  to  evaluate  cooling  with  copper  fins  (0.040-inch  thick). 
Considerable  time  jpo'f'e  developing  an  induction  coil  geometry  that 
would  give  e  broad  hasting  pattern  across  the.  corrugated  samples.  Finally, 
the  twln-coll  configuration,  which  Is  shown  in  Figure  186,  was  dave loped 
and  tasting  begun.  The  first  tests  were  run  with  the  copper  fins  suspended 
in  liquid  nitrogen.  Additional  tests  were  made  with  prechllled  helium 
gas  flowing  through  the  corrugations,  but  no  liquid  nitrogen  on  the  fine. 
The  final  tests  were  run  with  prechilled  helium  and  the  cooling  fine  in 
liquid  nitrogen.  The  best  results  were  obtained  with  the  cooling  fins 

in  liquid  nitrogen  end  no  helium  coolent  (1625° AT).  The  test  results 
ere  shown  in  Figure  187. 


(U)  Figure  181.  AT  Investigation  DFC  60252 
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(U)  Figure  184.  AT  Investigation  With 
Water-Cooled  Back  and 
Insulated  Weld  Joint 
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(3)  Evaluation  of  Cooling  Fin  thickness 

(U)  When  it  was  determined  that  a  corrugated  sample  with  copper  cooling 
fine  would  beat  simulate  engine  conditions,  the  next  step  was  to  optimize 
the  thickness  of  cooling  fins.  Rather  than  waste  corrugated  specimens, 
flat  sheets  of  0.0165-inch  thick  Inconel  625  (AMS  5599)  the  same  size  as 
the  specimen  were  used  and  different  thickness  copper  fins  were  brazed  on 
the  plate.  The,  thickness  ranged  from  0.040  to  0.125  inch.  The  results  of 
these  teats  are  shown  in  Figure  188. 


(13)  A  0.250-inch  thick  cooling  fin  was  brazed  on  a  corrugated  sample  and 
compared  to  a  Q. 060-inch  thick  finned  sample.  These  results  are  also 
shewn  in  Figure  1S8,  The  results  shown  the  optimum  cooling  fin  thickness 
to  be  0.065  inch. 
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(0)  Figure  188.  Cooling  Fin  Thickness  Test 
Results 
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(4)  Corrugated  Can  Configuration 

(U)  A  corrugated  can  configuration  was  tested  in  an  attempt  to  obtain 
the  required  temperature  difference.  A  4-inch  diameter  can,  with  cor¬ 
rugations  on  the  outside  diameter  and  a  manifold  for  flowing  a  coolant 
in  the  corrugations,  was  constructed.  A  standard  circular  induction  coil 
was  placed  around  the  can  and  prechilled  helium  gas  used  for  the  coolant. 
The  can  was  heated,  then  coolant  flow  was  started.  The  results  are 
shown  in  Figure  189. 


(U)  The  third  test  run  with  the  oxyacetylene  torch  proved  that  the  cold 
side  was  being  induction  heated,  and  that  this  test  rv.thod  could  not  be 
used.  To  keep  Induction  heating  from  occurring  in  the  corrugation,  and 
to  assure  heating  with  radiant  heat,  a  n.atal  shield  was  used  on  the 
fourth  test.  The  cooldown  time  was  too  long  (4  minutes)  to  make  this 
test  realistic,  and  good  temperature  gradients  were  not  achieved. 
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(U)  Figure  189.  Test  Results  of  4-inch  FDC  25328A 

Diameter  Corrugated  Can 


(5)  Line  Resistance  Heating  Using  the  Proximity  Effect 


(U)  Induction  heating  or  flame  heating  in  the  laboratory  appeared  to  heat 
the  crown  of  the  corrugation  higher  than  the  valley.  For  this  reason, 
high  frequency  resistance  heating,  using  the  proximity  effect,  was  in¬ 
vestigated  as  a  means  of  localizing  the  heat  where  required. 


(U)  This  type  of  heating  is  a  form  of  resistance  heating  (where  the 
current  is  passed  through  the  material,  causing  the  material  to  heat). 

To  control  the  path  of  the  current  in  the  specimen  and,  therefore,  control 
thp  heated  areas,  the  proximity  effect  principle  was  used.  This  principle 
states  that  if  the  high  frequency  alternating  current  being  delivered  to 
resistance  heat  the  piece  of  metal  is  passed  through  a  lead  that  is  run 
parallel  and  very  close  to  the  metal  surface,  the  return  current  in  the 
specimen  will  follow  a  path  directly  under  the  lead.  The  concentration 
of  the  current  under  the  lead  is  dependent  upon  the  height  of  the  lead 
above  the  surface.  This  phenomenon  is  illustrated  in  Figure  190. 

(U)  The  first  test  was  run  as  illustrated  in  Figure  190.  A  flat  sheet 
0.016-inch  thick  and  10-inch  long  was  heater.  The  distance,  d,  between 
loops  was  varied  to  determine  how  close  the  ^oops  could  be  spaced  and 
still  have  effective  line  heating  under  100X  of  the  lead-in.  At  d  =  0. 
the  system  line  heated,  but  at  d  =  0.400  inch,  the  current  rook  a  strai 
line  between  the  inlet  and  discharge  post. 


(U)  The  second  test  was  run  with  another  thermal  fatigue  specimen  and  the 
linn  heater  set  up  as  shown  in  figure  191.  The  copnei  lead-  '  was  insulated 
i.roi-i  the  specimen  by  coating  the  copper  with  Rockide  -  With  rhe  cooling 
fins  in  liquid  nitrogen,  the  test  was  run  and  results  obtained  as  shown 
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in  Figure  192,  The  temperature  difference  between  resistance  weld 
and  cooling  fins  was  less  than  1000°,  ana  the  welds  were  hotter  than 
the  crown  of  the  corrugations.  In  an  effort  to  increase  the  tempera¬ 
ture  difference,  the  lead-in  coil  was  raised  by  placing  1/16  ir.ch 
ceramic  spacers  between  coil  and  specimen.  This  decreased  the  tempera¬ 
ture  difference  even  more,  as  shown  in  Figure  192.  Thlo  type  of  heat¬ 
ing  was  discontinued  because  of  temperature  difference  limitations  and 
also  the  difficulty  in  attaching  and  spacing  the  coil  from  the  specimen. 
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(U)  Figure  190.  Line  Resistance  Heating  Using  FI)  25329 

Proximity  Effect 
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(U)  Figure  192.  Line  Heating  Test  Resulto  FDC  25331A 

d,  Evaluation  of  Final  Design  Thermal  fatigue  Specimen 

(U)  Using  the  data  previously  obtained,  five  thermal  fatigue  specimens, 
as  shown  in  Figure  193,  were  designed  and  procured.  These  specimens 
were  used  to  determine  the  final  conditions  for  low  cycle  fatigue  testa 
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(U)  Figure  193.  Thermal  Fatigue  Sample 
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(0)  The  corrugation*  uC  the  first  specimen  ^ould  riot  be  pressurized. 

The  cooling  fins  were  immersed  Ip  liquid  nitrogen  and  the  induction 
heater  pattern  set..  The  induction  ceil  was  set  0,160  to. 0,180  inch 
above  the  crown  of  the  corrugation  and  the  induction  heat  power  setting 
placed  at  10%  to  12%,  The  desired  temperatures  and  those  obtained  on 
the  first  test  are  shown  in  Figure  194. 


Desired  2060  1800  to  1900  160 

Actual  2060  1820  300 

(U)  Figure  194.  Initial  Test  Temperatures 

(U)  The  crown  temperature  (T^)  was  read  from  a  thermocouple  attached  at 
that  point  and  from  an  optical  pyrometer.  The  thermocouple  wires  were 
attached  to  the  crown  for  these  first  tests  so  that  optical  pyrometer 
emmisivity  settings  could  be  checked  and  calibrated, 

(U)  The  automatic  timer  was  set  to  produce  a  20-second  heating  cycle  and 
a  21-second‘  cooldown  cycle.  The  heating  cycle  is  shown  in  Figure  195, 
which  is  a  reproduction  of  the  visicorder  tape  on  these  first  tests. 
These  times  were  sufficient  to  let  all  temperatures  reach  steady-state 
before  the  next  cycle  began. 


Coftditkmit  Cooling  fin*  in  LSg 


(U)  Figure  195.  Visicorder  Tape  of  Heating 
Cvolo  Tests 
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(C)  fha  first  specimen  comp  la  ted  100  cycles  <tnd  was  then  examined.  Thermal 
fatigue  cracks  wave  visible  In  alt  four  covrugationn ,  as  shown  in  Figure  19b 
and  appeared  to  have  occurred  early  In  the  100  cycles.  Because  this 
specimen  was  not  pressurised,  the  exact  number  of  cycle®  at.  times  of 
failure  could  not  be  determined.  The  failed  area  was  sectioned  and 
photographs  were  taken.  Figure  197  shows  pne  side  of  the  crack  in  the 
0. 005 -  inch  thick  Inconel  6,25  (AMS  5599)  prior  to  etching.  It  clearly 
shows  the  large  number  of  fatigue  cracks  in  the  area  around  the  failure. 
Figure  198  shows  the  same  failed  area  after  etching,  with  the  oxide  buildup 
on  the  surface  and  In  the  cracks.  Contamination  of  the  grain  boundaries 
is.  also  visible.  The  oxidation  is  more  severe  in  chi. «  instance  because 
the  specimen  was  cycled  many  times  after  the  failure  had  occurred. 

(C)  The  second  specimen  was  assembled  to  allow  pressurization  of  the 
passages  aci  shown  in  Figure  186.  Thu  2060'’ R  crown  temperature  point 
with  the  cooling  fins  in  liquid  nitrogen  was  repeated  with  this  specimen 
with  the  corrugations  pressurized  to  80  psig.  One  corrugation  failed 
after  29  cycles;  another  failed  at  45  cycles. 


(U)  Figure  196.  Initial  Thermal  Fatigue  FM  25767 
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(U)  Figure  197 


(.U)  Figure  198 
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Crack  in  0.005-inch  Thick 
Inconel  625  (AMS  5599)  Before 
Etching  (500X  Magnification) 


Crack  in  0.005-inch  Thick  FM  24964 

Inconel  625  (AMS  5599)  After 
Etching  (500X  Magnification) 
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(C)  Up  to  this  point,  the  temperatures  strived  for  were  the  predicted  engine 
conditions.  The  test  samples  were  then  investigated  to  determine  how  the 
addition  of  the  copper  fin  to  the  cold  side  affected  the  strain  simulation. 

The  increase  in  strength  and  stiffness  from  adding  the  large  copper  fin  cross- 
sectional  area  allowed  only  a  negligible  strain  on  the  cold  side  caused 
by  the  mismatch  force.  Therefore,  a  smaller  temperature  differential 
could  be  used  to  produce  the  expected  hot  side  strain.  Although  the 
nozzle  would  have  a  2060°R  hot  side  and  a  IS0°R  cold  side,  the  finned 
specimens  only  need  a  2060°R  hot  side  and  560°R  cold  side  to  produce  the 
same  hot  side  strain. 

(C)  Three  more  specimens  were  run,  setting  temperatures  as  close  to  the 
desired  level  as  possible.  The  results  of  these  tests  are  shown  in 
Table  XXI.  With  the  crown  temperature  2060°R,  the  cold  side  became 
100°  hotter  than  desired.  Therefore,  to  produce  the  required  hot  side 
strain,,  the  crown  temperature  was  raised  100°R  on  the  final  series  of 
tests.  A  photograph  of  the  specimen  being  run  at  these  final  conditions 
is  shown  in  Figure  199. 

e.  Thermal  Fatigue  Testing 

(1)  Specimen  Configuration 

(U)  The  final  specimens  were  assembled  as  shown  in  Figure  200.  The  0.005 
in.  thick  corrugations  were  cut  from  the  corrugated  panels.  These  panels 
were  struck  on  the  new  die  set,  annealed  in  a  hydrogen  atmosphere  at 
1875°F  ±  25°  for  30  minutes,  and  restruck  to  bring  them  to  within  107.  of 
the  designed  configuration.  The  base  sheet  was  0.010  inch  thick.  The  cop¬ 
per  fins  were  furnace-brazed  sit  a  temperature  of  1475°F  to  1500°F.  This 
temperature  was  required  because  the  copper  forms  an  eutectic  with  the 
silver  braze  and  lowers  the  melting  point  of  the  silver.  The  first  two 
assemblies  through  the  furnace  braze  cycle  lost  their  fins  when  run  in 
the  thermal  fatigue  rig.  The  copper  used  for  these  assemblies  was  found 
to  be  not  oxygen-free,  which  caused  voids  in  the  braze  when  the  oxygen 
combined  with  the  purge  hydrogen  to  form  a  water  vapor  at  the  interface 
of  the  copper  and  the  Inconel  625  (AMS  5599),  New  oxygen-free  copper  fins 
were  made  and  used  on  later  assemblies.  The  final  assemblies  are  shown  in 
Figure  201,  202,  and  203. 

(2)  Instrumentation 

(U)  A  1/16  in.  diameter  shielded  copper /com tantan  thermocouple  wire  with 
a  closed  end  was  attached  to  the  two  center  cooling  fins.  The  tip  of  the 
wire  was  brazed  into  the  silver  braze  joint  at  the  same  time  the  fin  joint 
was  being  furnace-brazed.  The  chrome 1/alumeL  thermocouple  wires  for  read¬ 
ing  valley  temperature  were  attached  in  the  Materials  Development  Laboratory. 
The  crown  temperature  was  read  using  the  optical  pyrometer. 
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(C)(U)  Table  XXI.  Preliminary  Thermal  Fatigue  Cycling  Test  Results 
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(U)  Figure  199.  Specimen  Being  Tested  at  FE  76618 


Final  Conditions 


(’J)  Figure  200.  Final  Thermal  Fatigue  FD  23334 

Specimen  Configuration 
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(U)  Figure  203.  Thermal  Fatigue  Specimen  FF,  76593 

Final  Assembly  (Bottom  View) 

(3)  Fatigue  Testing 

(a)  Peak  Engine  Condition  Tests 

(C)  The  following  are  the’  adjusted  temperatures  necessary  to  simulate 
the  predicted  hot  side  strain  at  peak  engine  conditions^ 

Crown  temperature  -  2160°.R 

Valley  temperature  -  2160°R 
Fin  Joint  Temperature  -  660°Tv 
300  thermal  cycles  required 


(U)  Specimens  No.  i  and  2  were  set  to  run  at  these  temperature  conditions, 
but  voids  in  the  braze  weakened  the  joints  so  that  the  joints  failed  when 
a  small  strain  was  applied  and  the  cooling  fins  broke  off  before  the 
conditions  could  be  set. 

(C)  Specimen  No.  3  bed  one  fin  break  loose,  but  continued  until  the 
corrugation  failed  at  36  cycles.  Number  A  ran  25  cycles  at  these  conditions 
and  then  all  the  fins  separated  at  the  braze  joint.  Specimens  No,  4  and 
5  completed  30  cycles  before  corrugation  thermal  fatigue  failure  occurred. 
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(b)  Determination  of  Crown  Temperature  for  Required  Life 

(C)  The  No.  6  specimen  was  run  at  1660°R  crown  temperature  and  650°R 
cold  side.  The  specimen  ran  1300  cycles  without  falling.  The  test  was 
stopped  because  the  specimen  far  exceeded  the  required  life. 

(C)  The  crown  temperature  was  raised  to  1860° R,  and  three  specimens  were 
cycled  at  this  level.  They  ran  136  cycles,  189  cycles,  and  137  cycles, 
respectively,  before  failing  (154  cycle  average).  The  test  was  repeated 
at  1860°R  in  an  argon  atmosphere.  This  test  was  to  determine  if  excessive 
oxidation  of  the  surface  was  causing  early  failures.  The  specimen  was 
cycled  200  times  prior  to  failure.  This  increase  of  11  cycles  over  the 
prior  maximum  was  not  considered  sufficient  to  continue  testing  in  argon. 

(C)  The  crown  temperature  was  lowered  to  1760°R  with  a  cold  side 
tempera.ure  of  660°R  and  three  tests  were  performed.  The  first  specimen 
completed  350  cycles  and  failed  in  the  thermocouple  tack  weld.  The  tack 
was  made  too  close  to  the  corrugation  and  had  missed  the  resistance 
veld  bead.  The  last  two  tested  completed  680  and  441  cycles  with  failures 
occurring  in  the  resistance  welds  in  both  cases  and  a  small  leak  occurring 
next  to  the  cooling  fin  in  the  cold  side  of  the  680-cycle  specimen. 

(C)  All  the  results  of  the  thermal  fatigue  tests  of  the  configuration 
shown  in  Figure  200  are  plotted  in  Figure  204.  Figure  204  indicates  that 
for  a  sample  with  0.005- inch  thick  corrugation  and  0.010-inch  thick  flat 
sheet,  1.580°R  is  the  maximum  AT  for  a  fatigue  life  of  300  cycles.  The 
cold  side  temperatures  on  all  of  these  tests  stayed  within  the  range  of 
660°R  ±  10° 

(4)  Configurations  Change  and  Associated  Cycle  Life 
(a)  0.010  in.  Thick  Corrugation 

(U)  Six  specimens  were  fabricated  with  0.010  inch  thick  corrugated  sheet. 
The  specimens  were  identical  to  the  assembly  illustrated  in  Figure  200, 
axr.ept  for  the  corrugation  thickness. 

(C)  The  first  specimen  was  run  at  1860°R  crown  temperature  and  660°R 
cold  side  temperature.  The  test  was  stopped  at  1100  cycles  without  a 
failure.  The  crown  temperature  was  increased  to  2160°R  on  the  second 
specimen  and  the  cold  side  temperature  set  at  674°R.  The  specimen  failed 
after  115  cycles,  and  a  photograph  of  the  failed  corrugation  is  shown 
in  Figure  205.  These  two  tests  bracketed  the  required  300  cycles. 

(C)  Two  specimens  were  run  at  2010°R  crown  temperature  and  670°R  cold 
side.  The  cycle  life  was  295  and  281  cycles.  The  temperature  was  dropped 
Lu  19106R  on  the  next  specimen  and  cycle  life  Increased  to  960  cycles. 

A  photograph  of  this  failure  is  shown  in  Figure  206. 
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(U)  Figure  204.  AT  vs  Cycle  Life  for  0.005-inch  DFC  65303 
Thick  Corrugations 


(C)  Figure  205.  Photograph  of  Failed  Corruga-  FE  77547 

tion  With  Crown  Temperature 
at  2  160°R 
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(C)  Figure  206.  Photograph  of  Failed  Corruga-  FE  77524 

tion  With  Crown  Temperature 
at  1910°R 


(C)  These  five  tests  proved  that  by  increasing  the  thickness  of  the 
corrugated  sheet  from  0.005  to  0,010  in.,  the  maximum  allowable  crown 
temperature  for  a  300-cycle  thermal  fatigue  life  could  be  increased  from 
1780°R  to  approximately  2000°R. 

(C)  The  last  specimen  was  cycled  at  1910°R,  but  with  the  cooling  fins  in 
liquid  nitrogen.  The  cold  side  temperature  stabilized  at  219°R,  giving 
a  AT  of  1691  Rankine  degrees.  These  conditions  were  set  to  determine 
what  effect  an  increase  in  strain  at  a  constant  hot  wall  temperature 
would  have  on  cycle  life.  The  specimen  failed  at  441  cycles.  Therefore 
a  347,  increase  in  strain  caused  a  527«  loss  of  thermal  fatigue  cycle  life 

(U)  It  should  be  noted  that  the  strain  obtained  with  the  fins  in  liquid 
nitrogen  is  greater  than  a  predicted  nozzle  strain,  and,  therefore,  the 
test  was  more  severe  than  required. 

(b)  Inconel  625  (.AMS  5599)  Cooling  Fins 

(U)  Two  thermal  fatigue  specimens  were  constructed  with  the  cooling  fins 
made  of  Inconel  625  (AMS  5599).  The  rest  of  the  assembly  was  identical 
to  the  configuration  in  Figure  200,  with  the  corrugation  and  flat  side  ' 
0.005-inch  and  0.010-inch  thick,  respectively. 
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(0)  The  purpose  of  these  specimen  testa  was  to  determine  if  assembling 
and  furnace-brazing  corrugated  sheets,  flat  back  sheets,  and  cooling 
fins  (all  of  the  seme  material),  would  reduce  the  stresses  built  into 
the  specimen  prior  to  fatigue  testing  and,  therefore,  increase  fatigue 
life. 

(U)  The  corrugation  crown  started  to  ripple  as  soon  as  heat  was  applied 
to  the  first  specimen.  While  the  crown  heating  pattern  was  being  adjusted, 
the  specimen  failed.  The  crown  had  rippled  so  severely  that  Lt  had  torn 
the  0.005-inch  material  next  to  the  resistance  weld. 

(U)  The  second  specimen  was  mounted  and  heat  applied.  The  heating 
pattern  was  being  adjusted  when  it  was  noticed  that  the  outside  cooling 
fin  was  beginning  to  separate  from  the  0,010-inch  thick  sheet  at  the  braze 
joint.  Before  the  hearing  pattern  could  be  adjusted,  all  the  fins  had 
broken  loose  halfway  across,  thuB  relieving  the  crown  stresses  and 
causing  the  part  to  overheat.  Eutectic  braze  joints  were  formed  on 
these  two  samples,  using  pure  silver  joints  would  probably  eliminate 
joint  problems.  These  were  the  only  specimens  -available  of  this  config¬ 
uration,  and  production  of  more  samples  would  have  delayed  the  completion 
of  thermal  testing.  Therefore,  it  was  decided  to  eliminate  further 
studies  of  this  design. 

(5)  Thermal  Fatigue  Summary 

(C)  The  following  data  summit Ize  the  thermal  fatigue  testing  of  nozzle 
design  specimens; 

1.  Fatigue  life  at  design  conditions  (T  ~  2160°R  with  CC0°R 

«  »  j  j  \  own 

cold  side): 

a.  0.005-inch  thick  corrugation  -  30  cycles 

b.  0.010-inch  thick  corrugation  -  110  cycles 

c.  Required  nozzle  life  -  300  cycles 

2.  Corrugation  hot  side  temperatures  that  gave  300  cycles; 

a.  0.005-inch  thick  corrugation  -  1780°R 

b.  0.010-inch  thick  corrugation  -  2000°R 

c.  Designed  nozzle  temperature  -  21 60° »  with  660°R  cold 

side  temperature 

All  the  test  data  are  summarized  in  Table  XXII.  Tha  total  strain  for 
each  of  these  tests  has  been  plotted  against  cycle  life  and  is  shown  in 
Figure  207.  The  strain  was  calculated  using  the  following  formula: 

*  total  “"hot  (Thot  "  70)  +  "cold  (7°  "  Tcold) 

where : 

*total  *  Total  strain  (in. /in.) 

“hot  *  Coefficient  of  thermal  expansion  in  in./°R 
“cold  *  Coefficient  of  thermal  expansion  in  in./°R 
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Thot  •  Corrugation  crown  temperature  in  °R 

Tcold  «  Cooling  fin  temperature  in  °R 

These  tcs t  data  are  compared  with  the  total  strain  data  from  the  RL10 
nozzle  tube  fatigue  teats  and  are  also  plotted  on  the  strain  vs  life 
curve.  An  operating  hot  wall  temperature  of  1910°R  has  been  selected 
for  the  desig”.  ■>*  rhe  demonstrator  engine  two-position  nozzle. 


Hr*  *  CYCLES 

(U)  Figure  207.  Thermal  Fatigue  of  Inconel  625  DFC  65305 
(AMS  5599)  Tube  vs  Corrugated 
Sheet 
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(C)  (U)  Table  .1X11.  Thermal  Fatigue  Cycling  Test  Results 
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E.  CONTROLS  COMPONENT  TESTS 

1.  Main  Chamber  Oxidizer  Valve- 

a.  Introduction 

(U)  The  main  chamber  oxidizer  valve  was  tested  during  Phase  1  (Con¬ 
tract  AF04 (6  11 ) - 1 1401 ) .  Eight  builds  of  valve  F-33466  and  five  buiLds 
of  valve  F-35106  were  tested.  This  testing  indicated  that  the  disk  seal 
required  redesign  to  attain  the  10  secs  shutoff  leakage  goal  established 
for  this  valve.  In  addition,  rotary  shaft  lip  seals  were  developed  that 
required  valve  design  revisions  to  optimize  the  seal  application  to  the 
valve . 

b.  Summary,  Conclusions,  and  Recommendations 

(1)  Summary 

(U)  During  this  report  period,  design,  procurement,  and  endurance  testing 
of  four  main  chamber  oxidizer  valve  shutoff  seal  candidate  configurations  were 
completed.  The  shutoff  seal  candidates  were;  (1)  the  iooseleaf  Kapton 
F-FEP  Teflon  seal;  (2)  the  si  1  /er-plated  hoop  seal;  (3)  the  strap-actuated 
seal,  and  (4)  the  cam-actuated  seal.  All  seals  were  tested  at  cryogenic 
conditions.  None  of  the  seals  met  the  leakage  requirements  throughout 
the  cryogenic  tests;  however,  the  silver-plated  hoop  seal  and  the  cam- 
actuated  seal  test  results  indicated  that  additional  development  potential 
existed  for  both.  (See  Section  V-J  for  additional  tests.)  Attempts  to 
replate  the  hoop  seal  indicated  a  need  for  improved  access  to  the  inside 
of  the  seal  for  cleaning  purposes,  and  improved  plating  procedures.  The 
cam-actuated  seal  element  failed  during  the  test,  indicating  a  need  for 
improved  support  and  a  more  flexible  seal  material.  The  shaft  lip  seal 
support  housing  designs  were  revised  and  two  seal  thicknesses  were  tested. 

A  seal  laminate  of  three  layers  of  0.005  inch  Kapton  F  and  one  layer  of 
0.005  inch  FEP  Teflon  bearing  on  the  shaft  gave  satisfactory  results. 

(2)  Conclusions 

(U)  1.  The  silver-plated  hoop  seal  and  the  cam-actuated  seal 

designs  were  considered  to  be  acceptable  shutoff  seals  for 
continued  development  for  the  canted  shaft  butterfly  valve. 

(U)  2.  The  strap-actuated  and  Iooseleaf  shutoff  seals  did  not 
appear  to  warrant  further  effort. 

(U)  3.  Laminated  Kapton-Tef Ion  lip  seals  met  the  leakage  and 

durability  goals  and  were  recommended  for  this  application. 

(3;  Recommendations 

(U)  1.  Continue  development  of  the  hoop  seal  to  improve  manufacturing 
methods  and  cleaning  capsbillty. 

(U)  2.  Continue  development  of  the  r-  .-actuated  seal  to  improve 
durability. 
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c.  Hardware  Description 

(U)  The  main  chamber  oxidizer  valve  was  designed  and  fabricated  during 
Phase  1  (Contract  AF04 (611 )- 11401 ) .  Jt  was  designed  to  control  the  over¬ 
all  engine  oxidizer-to-  fuel  weight  ratio  by  regulating  the  flow  of  oxidizer 
to  the  main  burner  injector.  The  valve  is  positioned  by  a  rotary  servo- 
actuator  as  a  function  of  the  engine  thrust  level  and  the  scheduled  mix¬ 
ture  ratio. 

(U)  The  main  chamber  oxidizer  valve  is  located  upstream  of  the  main 
burner  injector.  The  valve  is  a  butterfly  type  and  incorporates  a  shut¬ 
off  seal  for  the  oxidizer  flow  to  the  main  burner  injector.  To  accomodate 
this  shutoff  feature,  a  canted  shaft  with  integral  disk  was  selected  so 
that  an  uninterrupted  disk  sealing  surface  would  be  provided.  Incorpora¬ 
tion  of  the  shutoff  seal  in  this  valve  eliminates  the  need  for  a  separate 
shutoff  valve  between  the  main  chamber  oxidizer  valve  and  the  main 
burner  injector. 

(U)  The  canted  shaft  arrangement  requires  a  split  main  housing  for 
assembling  the  valve.  Widely  spaced  double  roller  bearings  are  incor¬ 
porated  to  take  the  loads  produced  by  the  maximum  valve  pressure  drop. 

Shaft  thrust  bearings  are  required  to  restrain  the  shaft  against  the 
flow-pressure  thrust  loads  resulting  from  the  canted  shaft.  These  flow 
loads  are  minimized  by  partially  pressure  balancing  the  shaft  to  oppose 
them.  The  valve  configuration  at  the,  end  of  Phase  I  (Con¬ 
tract  AF04(611)-11401)  is  shown  in  Figure  208. 

d.  Facilities 

(C)  Testing  was  conducted  in  the  B-22  test  stand  shown  in  Figure  209. 

For  environmental  endurance  tests,  the  valves  were  mounted  in  the  stand 
and  instrumented  as  shown  schematically  in  Figure  210.  The  tests  were 
performed  by  submerging  the  valve  in  liquid  nitrogen  or  liquid  argon  and 
pressurizing  with  nitrogen  to  internal  pressures  of  50  to  6000  psig. 

The  valves  were  cycled  at  these  conditions  and  valve  seal  leakages  were 
measured  periodically.  For  the  later  tests,  liquid  argon  was  selected 
for  the  cryogenic  bath  to  ensure  that  all  of  the  nitrogen  leakage  vapor¬ 
ized  at  the  valve  external  ambient  pressure.  This  allows  satisfactory 
steady-state  leakage  measurement  accuracy  for  all  data  points.  Leakages 
of  0.14  to  5200  sees  were  measured  by  a  series  of  gaseous  nitrogen  flow- 
rates.  Lower  leakages  were  measured  by  positive  displacement  leak  detectors. 
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(U)  Figure  209.  B-22  Cryogenic  Static  Cycle  FC  13799 

Test  Stand 


MOVPPl 


Cv 


movit/ 

r-rrTV  _ 

■y 

tii 

Header 

Description 

MQVlTl 

MCOV  Inlet  Temperature 

MOV1P1 

MCOV  Inlet  Pressure 

MOVOPl 

MCOV  Outlet  Pressure 

v 

MOVPP'* 

MCOV  Position 

MOVOTS 

MCOV  Outlet  Temperature 

MOVOPl 

MOVOT1 


(U)  Figure  210.  Main  Chamber  Oxidizer  Valve 
Instrumentation  Schematic 
(B-22  Stand) 
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«.  Totting 

<1)  Volvo  F-33466-Build  Ho.  9 

(U)  Main  chamber  oxidiaer  vaivo  F-33466-9  incorporated  tha  following 
sealing  configurations: 

1.  A  Looweleaf  (OD  bondod)  Kapton  F-FEP  Teflon  disk  seal  was 
used  (0.005- inch  thick  sheets  in  alternate  layers).  An 
Inconel  ring  loaded  each  outside  Kapton  F  layer  against 
the  housing  faces  to  prevent  leakage  around  the  seal. 

Figure  211  shows  the  shutoff  seel  configuration, 

2.  A  primary  lip  atal  of  laminated  Kapton  F  (two  layers) 
and  FEP  Teflon  (one  layer  next  to  shaft)  of  0.015-in. 
total  tb)',ckn«*s  w#s  used.  The  Up  seal  retainer  voa 
modified  to  mate  with  the  thinner  lip  seal. 

3.  An 'inverted  U-ring  center  flange  static  seal  assembly 
that  loaded  the  0.0 15- inch  thick  laminated  Kapton  F 
static  seals  was  used. 

4.  The  primary  shaft  seal  housing  was  modified  to  isolate 
static  seal  leakage  from  the  primary  lip  seal  leakage. 

A  vent  pa  a  wage  was  added  to  the-  valve  inlet  housing  to 
conduct  this  leakage  overboard. 


(U)  Figure  211.  Laminated  Kapton  Shutoff  Seal  FD  25481 
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(C)  The  disk  ueal  leakage  at  50  paid  was  3  decs  GNa  with  the  valve  at 
ambient  temperature,  and  the  torque  required  to  rotate  the  valve  shaft 
waa  am  follow*: 

Rotation  out  of  disk  soal  125  in. -lb 

Clockwise  and  counterclockwise  rotation  15  to  20  in. -lb 
Rotation  into  disk  seal  200  in. -lb 

(C)  The  valve  was  mounted  in  the  B-22  teat  stand  for  an  environmental 
endurance  and  leakage  teat;  5000  partial  stroke  actuation  cycles,  250 
shutoff  cycles,  and  153  pressure  cycles  were  performed.  Leakage*  from 
the  primary  J Ip  seal,  disk  seal,  primary  shaft  seal  housing,  and  the 
main  housing  center  flange  primary  static  seal  are  shown  in  Figure  212. 
The  maximum  bearing  cover  primary  static  seal  leakage  was  75.5  sees  and 
the  maximum  inlet  flange  trapped  Teflon  primary  static  seal  leakage  was 
1.9  sees.  The  outlet  flange  primary  0-ring  static  seal  vent  was  capped 
after  2500  actuation  cycles  and  125  shutoff  cycles  due  to  excessive 
leakage.  The  secondary  and  vent  shaft  seal  leakages  remained  less  than 
1.4  sees  throughout  the  test. 

(U)  The  valve  was  removed  from  the  B-22  teat  stand  when  the  outlet  flange 
static  seal  leakage  exceeded  the  stand  limit.  The  torque  required  to 
rotate  the  valve  shaft  at  ambient  temperature  was  as  follows: 

Rotation  out  of  disk  seal  85  in. -lb 

Clockwise  and  counterclockwise  rotation  10  in. -lb 
Rotation  into  the  disk  seal  90  in.~lb 

(U)  Disassembly  of  the  valve  revealed  the  following: 

1.  The  primary  lip  seal  was  in  good  condition  with 
negligible  wear. 

2.  A  section  of  the  disk  seal  had  failed  as  shown  in  Figure  213 
and  was  found  in  the  outlet  housing.  One  disk  seal  axial 
support  ring  was  bent  as  shown  in  Figure  214. 

3.  The  shaft  disk  outside  diameter  was  scored  where  it  con¬ 
tacted  the  bent  support  ring. 

4.  Contamination  particles  were  imbedded  in  the  Teflon  coating 
of  the  outlet  flange  primary  0-ring  static  seal. 
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(U)  Figure  216.  Lip  Seal  Package 
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(C)  The  valve  was  mounted  In  the  B-22  teat  stand  f or  an  environmental 
endurance  and  leakage  test;  10,000  partial  stroke  actuation' cycles, 

600  shutoff  cycles,  and  500  pressure  cycles  were  completed.  This 
endurance  test  was  conducted  with  the  valve  submerged  in  liquid  nitrogen. 

(U)  Indicated  disk  seal  leakage  was  somewhat  unstable  and  varied  with 
time  as  shown  in  Figure  217.  The  measurements  were  apparently  affected 
by  variations  in  vent  line  vaporization  rates  due  to  both  variable  flow 
rates  and  cooling  bath  levels.  The  values  shown  on  Figure  218  are  the 
final  readings  taken  at  each  point.  After  the  endurance  test  was  com¬ 
pleted,  an  additional  100  shutoff  cycles  were  performed  using  helium 
as  the  pressurizing  and  leakage  test  fluid  to  improve  stability.  During 
these  tests,  the  valve  position  foj.  minimum  leakage  was  found  to  be 
3.2  degrees  from  the  full  closed  position.  The  test  results  using  helium 
as  the  pressurizing  medium  and  with  the  valve  at  3.2  degrees  open  are 
shown  in  Figure  219. 


(U)  Figure  217.  Hoop-Type  Disk  Seal  Leakage  DFC  65061 

vs  Time,  Rig  F-35106-6 
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(U)  Figure  219.  Hoop-Type  Disk  Seal  Leakage  vs  DFC  65063 
Total  Cycles,  Rig  F- 35 106-6 

(C)  No  mechanical  malfunctions  were  observed  during  the  test.  The 
thrust  bearing  cap  primary  static  seal  leaked  excessively  at  pressures 
above  2000  psig.  The  vent  was  capped  after  2625  actuation  cycles. 

The  primary  and  secondary  shaft  seal  and  static  seal  leakages  during 
the  test  are  shown  in  Figure  220. 

(U)  Prior  to  disassembly,  the  ambient  temperature  disk  seal  leakage 
at  50  psid  GN2  was  1.33  sees  with  the  disk  positioned  at  3.2  degrees 
from  the  closed  position.  At  the  closed  position  the  leakage  was  4.5 
sees.  No  othet  seal  leakage  was  evident. 

(U)  Disassembly  of  the  valve  revealed  no  significant  parts  deterioration 
The  disk  seal  showed  some  wear  on  the  silver-plated  hoop  seal  surface 
as  shown  In  Figure  221.  The  shaft  disk  sealing  surface  is  shown  In 
Figure  222.  Seal-to-diak  fit  was  0.0035  tight.  All  other  parts  were 
in  excellent  condition. 
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(U)  Figure  221.  Hoop  Seal  Surface  After  Tost,  ,FE  77114 

Rig  F- 35 106-6 


(U)  Figure  222.  Shaft  Disk  Surface  After  Test,  FE  77111 
Rig  F- 35 106-6 


(3)  Valve  F-33466-Ruild  No.  10 

(U)  Main  chamber  oxidizer  valve  F-33466-10  incorporated  the  following 
modifications  from  the  previous  build, 

1.  A  silver-plated  and  Teflon  primer  coated  0.005-inch  thick 
Inconel  X  (AMS  3598)  seal  clement,  as  shown  in  Figure  223, 
was  used  for  the  dish  seal.  The  seai  element  was  contracted 
against  the  disk  surface  by  a  shaft  lug  and  circumferential 
strap.  A  0.012- inch  shim  was  used  to  adjust  the  seal  load. 
Ambient  seal  leakage  was  1  sees  at  50  psid  of  GN2  pi  ler  to 
cryogenic  test.  Figure  224  shows  the  shutoff  seal  configura¬ 
tion. 
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2.  A  ml  actuating  lug  wns  welded  to  th*  shaft.  Th*  diek 
had  «  flat  (cylindrical)  sailing  surfaca  0,090  Inch  wlda 
with  an  11  micro  inch  surface  finish. 

3.  The  revised  shaft  lip  seal  package  design  used  i*  shown 
in  Figure  216. 

4.  A  laminated  seal  of  Kapton-F  (3  layers)  and  FBP  Teflon 
(1  layer  next  to  shaft)  was  used  for  the  primary  shaft 
lip  seal.  The  total  thickness  of  this  lip  seal  was 
0.019  inch. 

3.  A  trapped  0. 020-inch  thick  laminated  Kapton-F  seel  was 
used  for  the  inlet  flange  atatic  seal. 

6.  An  Inconel  X  (AMS  5667)  inverted  U-ring  center  flange  static 
seal  assembly  was  used  for  the  center  flange  static  seal. 

It  loaded  two  0.015- inch  thick  laminated  Kapton-F  saels. 

7.  A  Teflon-coated  Omega-shape  design,  which  incorporated 
an  assembly  preload  spacer  and  was  pressure  energized  to 
follow  flange  deflection  during  operation,  was  used  for 
the  discharge  flange  static  seal. 

8.  A  rotary  hydraulic  t>arvoactuator  was  used. 


(10  Figure  223.  Shutoff  Seal  Prior  to  Test,  FD  24858 

Rig  F-33466-10 
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(U)  Figure  224.  Strap-Actuated  Shutoff  Seal  FD  24851A 


(C)  The  valve  was  mounted  in  the  B~22  test  stand  for  an  environmental 
leakage  and  endurance  test;  10,000  partial  stroke  actuation  cycles, 

500  shutoff  cycles  and  500  pressure  cycles  were  completed.  This  endur¬ 
ance  test  was  conducted  with  the  valve  submerged  in  liquid  Argon. 


(0)  Liquid  nitrogen  boiloff  at  the  start  cf  each  measurement  point  re¬ 
sulted  in  indicated  disk  seal  leakage  variation  with  time  as  shown  in 
Figure  225.  The  values  shown  in  Figure  226  are  the  final  readings  taken 
at  each  set  point.  An  ambient  temperature  GN2  purge  to  the  discharge 
housing  prior  to  each  disk  seal  leakage  measurement  point  was  apparently 
only  partially  effective  in  removing  the  liquid  nitrogen  that  had  accumu¬ 
lated  in  the  housing. 

(C)  No  mechanical  malfunctions  were  observed  during  the  test.  The  thrust 
bearing  cap  and  shaft  seal  housing  static  seals  leaked  excessively  at 
pressures  above  1200  paid.  The  vents  were  capped  after  2625  actuation 
cycles.  The  primary  and  secondary  shaft  seal  leakage  is  shown  in  Fig¬ 
ure  227.  The  static  seal  leakages  are  shown  in  Figure  228. 

(U)  Prior  to  disassembly,  the  following  ambient  temperature  seal  leakages 
were  measured  at  50  paid  G^: 

Disk  Seal 

Shaft  Primary  Static  Seal 
Discharge  Static  Seal 

No  leakage  was  detected  at  the  other  seals. 

(U)  Disassembly  of  the  valve  revealed  the  following: 


0.80  sees 
0.0059  sees 
0.0182  sees 


A  glycol  base  oil  was  found  on  the  inlet  surface  of  the  disk. 
(See  Figure  229.)  The  same  type  oil  was  subsequently  found 
in  «  line  used  for  the  valve  pressure  check  just  prior  to 
teardown.  ?3Q 
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2.  The  dick  teal  Was  in  good  condition.  The  Teflon  primer 
was  worn  through  in  two  local  arses  of  the  seal  surface . 
These  conditions  are  shown  in  Figures  230  and  231. 

3.  Tha  shaft  disk  had  minor  seal  surface  scratches,  and 
Figure  232  shows  a  typical  disk  seal  surface  condition. 

4.  All  other  parts  ware  In  excellent  condition  ea  shown  in 
Figure  233. 
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(U)  Figure  2'^S.  Strap-Actuated  Disk  Seal  DFC  64959 

Leakage  vs  Time, 

Rig  F-33466-10 


Static  Seal 


(U)  Figure  229.  Glycol  Contamination  on  Inlet  FE  77843 

Side  of  Disk,  Rig  F-33466-10 
(Disk  is  2.990  inches  in  Diameter) 


(U)  Figure  230.  Shutoff  Seal  After  Endur-  FD  24853 
ance  Test,  Rig  F-33466-10 
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(U)  Figure  231.  Shutoff  Seal  After  Endur-  FD  24854 
ance  Test,  Rig  F* 33466 -10 


(U)  Figure  232.  Disk  Seal  Surface  After  Endur 
ance  Test,  Rig  F-33466-10 
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(U)  Figure  233.  Strap  Actuated  Disk  Seal,  FD  24855 

Rig  F-33466-10 

(4)  Valve  F-351Q6  -  Build  No.  7 

.  '  •  ,  •  .  •  l 
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(U)  Main  chamber  oxidizer  valve  F-35106-7  incorporated  the  following 
sealing  configurations:  ! 

■  i  ;  \  ' 

1.  A  Kel-F  disk  seal  element  contracted  against  the  disk  sur¬ 
face  by  a  cam-actuated  tapered  slip  ring.  (See  Figure  234.) 

2.  A  spherical  chrome  plated  Inconel  718  (AMS  5663)  disk  seal 
surface  with  a  9.5  microfiniah*  The-  cam  actuation  lug  was 
electron  beam  welded  to  the  shaft. 

3.  A  trapped  0.G20-inch  thick  laminated  Rap Lon  F  primary 
inlet  flange  static  seal. 

4.  The  center  flange  static  seal  was  an  Inconel  X  (AMS  5667) 
Inverted  U-ring  static  seal  assembly  that  loaded  a  portion 
of  the  Kel-F  seal  element  against  the  inlet  housing  and  a 
0.020- inch  laminated  Kapton-F  seal  against  the  discharge 
housing. 

5.  The  discharge  flange  static  seal  was  a  Teflon-coated 
omega-shaped  design  that  incorporated  an  assembly  preload 
spacer  and  is  pressure  energized  to  follow  flange  deflec¬ 
tions  during  operation. 

6.  The  bearing  cap  static  seal  was  0.010-lnch  thick  laminated 
Kapton-F  formed  around  the  outside  diameter  ol  a  ring. 

(C)  The  valve  was  mounted  in  the  B-22  test  stand  for  an  environmental 
endurance  and  leakage  test,  10,000  partial  stroke  actuation  cycles,  500 
shutoff  cycles,  and  260  pressure  cycles  were  completed.  The  test  was 
conducted  with  the  valve  submerged  in  liquid  Argon. 
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(U)  Figure  234.  Caro-Actua ted  Shutoff  Seal, 
Rig  F-35106-7 
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(U)  The  Disk  seal  leakage  measurements  varied  with  time  as  shown  in  Fig¬ 
ure  235.  The  values  shown  in  Figure  236  ate  the  final  readings  taken 
at  each  set  point.  The  disk  seal  leakage  prior  to  pressure  cycling  was 
less  than  0.025  sees.  The  seal  failed  during  either  presspre  or  actua¬ 
tion  cycling  after  125  shutoff  cycles  and  2500  actuation  cycles  had  been 
completed  satisfactorily. 

(C)  The  test  stand  supply  valve  actuator  failed  after  250  pressure  cycles 
so  the  remainder  of  the  programmed  500  pressure  cycles  was  not  performed. 
The  discharge  flange  primary  static  seal  leaked  excessively  above 
1000  pslg.  Primary  shaft  seal  leakage  is  shown  in  Figure  237  and  static 
seal  leakages  are  shown  in  Figure  238. 

(U)  Visual  inspection  of  the  disk  seal  prior  to  disassembly  revealed 
failure  of  the  Kel-F  seal  element.  Pieces  of  the  seal  were  found  in  both 
the  inlet  and  the  discharge  housings.  The  seel  condition  after  the  test 
is  shown  in  Figure  239.  Failure  of  the  seal  element  at  the  edge  of  the 
shaft  cutout,  as  shown  in  Figure  240,  appears  to  have  been  caused  by  either 
a  reverse  differential  pressure  across  the  seal  or  seal  drag  during  valve 
opening  after  the  pressure  cycles.  The  possibility  of  excessive  reverse 
pressurization  during  pressure  cycling  existed  because  of  valve  inlet 
and  discharge  cavity  pressurizing  line  volume  differences.  The  shaft 
disk  sealing  surface  is  shown  in  Figure  241. 
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(U)  Figure  241.  Shaft  Disk  Sealing  Surface 
After  Test/  Rig  F-35106-7 


(U)  The  discharge  static  seal,  which  had  been  used  in  several  test  series 
without  recoating  the  seal  surface  prior  to  this  build,  had  insufficient 
contact  load.  All  other  parts  were  in  excellent  condition. 

2.  Preburner  Oxidizer  Valve 

a.  Introduction 

(U)  During  testing  of  the  sleeve-type  preburner  oxidizer  valve  during 
Phase  I  (Contract  ,\PQ4(6ll)-il401) ,  It  was  found  that  the  wear  character¬ 
istics  of  the  BeCu  piston  ringc  on  the  chrome- coated  main  housing  were  not 
acceptable.  The  objective,  therefore,  of  this  subtask  was  to  investigate 
improved  surface  coatings  and  a  pressure  balanced  piston  ring  design. 

(U)  A  aeries  of  teats  was  conducted  to  obtain  an  Improved  surface  coating 
and  a  piston  ring  pressure  balance  study  was  made. 


(U)  Four  cyclic  endurance  tests  ware  made  to  evaluate  the  design  changes 
on  thr3  wear  characteristic^  of  the  piston  rings  operating  at  high  dif¬ 
ferential  pressures. 


b.  Summary ,  Conclusions,  and  Recommendations 

(U)  The  wear  results  on  all  four  configurations  tested  demonstrated 
acceptable  wear  characteristics.  The  piston  ring  leakage  on  all  four  tests 
was  also  acceptable.  A  variation  in  leakage  observed  between  the  teste 
was  primarily  because  of  variations  in  the  fit  between  the  piston  ring  and 
housing.  Strain  gages  were  installed  on  the  secondary  sleeve  and  actuator 
shaft  on  Rigs  F-33458-7  and  -8  to  determine  actuator  loads  for  balanced 
and  unbalanced  piston  rings. 

(U)  As  a  result  of  the  test  program  the  following  conclusions  and  recom¬ 
mendations  have  been  made: 

•  ’  ’’  ■  / 

1.  Precision  chrome  coating  has  been  selected  for  the  pre- 
burner  oxidizer  valve  application  because  the  plating 
techniques  are  aufficiently  developed.  The  application 
of  molybdenum-chromium  will  require  further  coordina¬ 
tion  with  an  outside  vendor  or  in-house  plating  Shop 

to  produce  consistent  results.  Further  development  of 
molybdenum-chromium  is  rsconmended  for  extremely  high 
load  applications,  where  the  wear  characteristics  of 
precision  chrome  is  not  acceptable. 

2.  The  balanced  piston  rings  provided  acceptable  wear 
characteristics  and  a  reduction  in  actuation  force  as  com- 
pared  to  the  unbalanced  rings;  however,  further  force  re¬ 
duction  is  desirable  to  minimize  actuator  power  require¬ 
ments. 

c.  Electrolytic  Coating  Investigation 

(U)  After  it  was  discovered  that  the  wear  characteristics  of  the  BeCu 
piston  rings  on  the  chrome -coated  main  housing  were  not  acceptable, 
a  program  was  initiated  to  develop  and  evaluate  a  wear  resistant 
electrolytic  coating  that  would  be  superior  under  high  loading  stress 
at  cryogenic  temperatures.  A  chromium-molybdenum  alloy  was  considered 
the  chief  candidate  because  reports  had  been  made  that  small  amounts 
of  molybdenum  in  chromium  produce  improvements  in  wear  resistance. 

Several  preliminary  tests  were  conducted  to  compare  adhesion  quality, 
abrasive  wear,  surface  characteristics,  and  corrosion  resistance  of 
normal  chrome  plate  to  a  chromium-molybdenum  alloy.  When  these  tests 
were  completed,  force-wear  tests  were  conducted  on  all  candidates  to 
determine  the  best  wear  resistant  coating.  The  following  paragraphs 
generally  outline  the  test  procedures  that  were  followed. 

(1)  Preliminary  Tests 

(U)  Several  stainless  steel  (AMS  5646)  panels  (about  3  in.  x  3  in.  x 
0.25  in.)  were  plated  on  one  side  with  chromium  or  chromium-molybdenum 
alloy.  The  chromium-molybdenum  alloy  was  electrolyticaiiy  deposited 
from  a  chromic  acid  bath  into  which  about  3  ounces  of  molybdenum  per  gal¬ 
lon  of  solution  had  been  anodicaily  dissolved.  The  composition  of  each 
panel  was  analyzed  to  determine  the  percentage  of  molybdenum  in  each 
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deposit*  It  was  found  that  tha  amount  of  molybdenum  In  tha  deposits 
varied  with  plating  conditions.  Plating  at  1.5  amperes  per  square  inch 
and  110  to  130*F  yielded  deposits  containing  about  1%  molybdenum. 

(U)  Adhesion  tests  were  then  made.  Holes  (0.27- inch  diameter)  were 
drilled  from  the  unplated  side  to  within  0.06  inch  of  the  plated  surface. 

A  steel  vod  (0.25-inch  diamoter)  was  then  Inserted  in  the  hole  and  pres¬ 
sure  was  applied  until  the  rod  was  forced  through  the  plating.  An  exam¬ 
ination  was  made  of  the  break  area  to  find  indications  of  adhesion  quality 
Comparing  the  results  (Figure  242)  revealed  that  the  chromium-molybdenum 
alloy  plate  has  the  same  adhesion  to  stainless  steel  (AMS  5646)  as  regular 
chrome  plate.  Examination  of  low  power  magnifications  of  the  pressed  out 
portions  revealed  that  the  crack  pattern  on  the  alloy  plated  surface  was 
finer  and  not  as  severe  as  on  the  regular  chromium  plated  surface  indica¬ 
ting  that  the  alloy  plate  was  softer  than  the  chromium  plate. 


10X  Magnification 


(U)  Figure  242.  Adhesion  Tests  of  Chromium  and  FD  25271A 
Chromium- Molybdenum  Plating  on 
Stainless  Steel  (AMS  5646) 


(U)  Abrasive  wear  tests  were  then  made  of  chromium  and  chromium-molybdenum 
alloy  deposits.  A  Taber  Akraser  Model  174  with  a  CS-10  Calibrass  Wheel 
was  used  to  make  those  tests.  The  test  results,  which  indicate  the  alloy 
has  about  six  times  the  abrasive  wear  resistance  of  chromium,  are  shown 
in  Table  XXIII.  Previous  tests  of  the  alloy  in  an  amsler  machine  showed 
an  improvement  of  six  to  eight  times  over  chromium  plate. 
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(U)  Table  XXIIX.  Taber  Abraser  Wear  Teatlng  of  Chromium 
_ and  Chromium-Molybdenum  Alloy  Electroplate 

Cycles  to  First  Indication  of  Failure 


Chromium 


Chromium-Molybdenum 


4000 

3000 

4000 


23,000 

19,000 

31,000 


(U)  Surface  characteristics  of  both  the  chromium  plate  and  the  chromium- 
molybdenum  plate  were  then  compared.  Figure  243  shows  magnified  views 
of  stainless  steel  (AMS  3646)  surfaces  after  plating  with  both  materials. 
The  characteristic  heavy  crack  pattern  noted  on  conventional  chrome t is 
reduced  substantially  on  the  alloy. 


Chromium  Chromiuiu-MoiybfWnum 


290X  Magnification 

(U)  Figure  243.  Surface  Characteristics  of  FD  25272A 

Chromium  end  Chromium-Molybdenum 
Plating  on  Stainless  Steel 
(AMS  5646) 

(U)  When  the  plating  is  conducted  in  a  bath  using  ultrasonic  energy,  the 
differences  are  more  pronounced.  By  comparing  the  regular  chromium  and 
chromium-molybdenum  plates  shown  in  Figure  243  with  their  counterparts 
from  a  bath  using  ultrasonic  energy  shown  in  Figure  244,  ultrasonic 
plating  results  in:  (1)  a  reduction  in  number  and  size  of  surface  cracks 
on  the  chromium  plate,  (2)  elemination  of  cracks  on  the  alloy  plate,  and 
(3)  a  finer  texture,  expecially  for  the  alloy.  These  results  suggest 
that  plating  in  a  bath  using  ultrasonic  energy  will  result  in  denser  de¬ 
posits  with  corresponding  better  wear  and  corrosion  characteristics. 


(U)  Corrosion  resistance  tests  were  then  made  with  stainless  steel  (AMS  5646) 
panels  plated  with  0.001  inch  of  either  chromium  or  chromium-molybdenum 
alloy.  These  samples  were  placed  in  a  salt- spray  test  chamber  for  250  hours. 
As  shown  in  Figure  245,  rust  spots  were  evident  on  the  surface  of  the  chro¬ 
mium  plate  but  no  indications  of  corrosion  were  noted  on  the  alloy, 
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S.7X  Magnification 


(U)  Figure  244.  Surface  Characteristic  of  FD  25273A 

Chromium  and  Chromium-Molybdenum 
Ultrasonic  Plating  on  Stairwess 
Steel  (AMS  5646) 


Chromium  Chromium-Molybdenum 


6.7  X  Magnification 


(U)  Figure  245.  Chromium  and  Chromium-  FD  25274A 

Molybdenum  Plated  Surfaces  After 
250  Hours  of  Sait  Spray  Testing 


(U)  The  results  of  these  preliminary  tests  clearly  indicate  that  a  chromium- 
molybdenum  alloy  electrodeposit  is  generally  superior  to  a  conventional 
chromium  electrodeposit.  Ultrasonic  agitation  used  with  the  chromium- 
molybdenum  alloy  plating  appears  to  have  merit  in  that  the  deposits  appear 
to  be  free  of  cracks,  denser,  end  more  wear  resistant. 

(2)  Force-Wear  Tests 

(U)  Force-wear  tests  were  required  to  screen  the  candidates  for  the  pre¬ 
burner  oxidizer  valve.  The  Materials  Development  Laboratory  (MDI.) 
coefficient  of  friction  machine,  shown  in  Figure  246,  was  adapted  to 
enable  the  disk  and  rider  specimens  to  be  intnersed  in  liquid  nitrogen. 
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(U)  Figure  246.  Coefficient  of  Friction  FD  25275 

Machine 

(U)  The  disk  and  rider  specimens  were  secured  to  the  powep  shaft  and 
transfer  shaft,  respectively,  of  the  friction  machine  and  were  immersed 
in  liquid  nitrogen.  The  start  of  each  test  was  delayed  until  nitrogen 
boil-off  was  minimal.  A  normal  load  of  97  lb  was  then  applied  to  the 
rider  specimen  and  the  disk  was  rotated  at  a  surface  speed  of  6  in. /sec 
as  adjusted  with  the  variable  speed  drive.  Dynamic  friction  force 
curves  were  obtained  for  each  rider-disk  combination  at  various  points 
during  the  250  cycle  test  runs.  Friction  force  curves  were  used  to  obtain 
sliding  friction  coefficient  data.  Coefficients  of  friction  were  calcu¬ 
lated  by  dividing  the  friction  force. (lb)  by  the  dead  weight  normal  loud 
(lb). 

(U)  From  the  test  program,  summarized  in  Table  XXIV,  the  following  con¬ 
clusions  were  drawn. 

1.  Both  the  chrome  (0.001- inch  thick)  and  the  molychrome 

(0.0015-inch  thick)  plated  disks  running  against  uncoated 
Berylco  25  (AMS  4650)  rider  specimens  produced  acceptable 
wear  characteristics. 

2-  The  wear  of  the  chrome  plated  surface  was  characterized  by 
light  scratches  while  the  wear  of  the  molychrome  surface 
was  characterized  by  a  slight  depression  in  the  plated 
surface. 
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3.  No  appreciable  benefit  in  wear  characteristics  or  reduction 
in  coefficient  of  friction  was  noted  during  testing  of  the 
various  lubrication  coatings.  A  comparison  of  the  wear 
characteristics  of  the  baseline  configuration  (0.0001- inch 
thick  chrome)  as  compared  to  the  0.001-inch  thick  chrome  and 
the  0.0015- inch  thick  molychrome  surfaces  la  shown  in 
Figures  247,  246,  and  249. 

d.  Piston  Ring  Pressure  Balance  Study 

(1)  General 

(U)  During  Phase  I  (Contract  AF04 (611) -41401)  cryogenic  endurance  testing 
of  the  preburner  oxidizer  valve,  it  was  found  that  the  lower  piston  ring 
wore  cn rough  the  chrome  coating  of  thy  main  housing.  ^  analysis  of 
the  pressure  loading  effects  of  piston  rings  was  made  to  determine  if  a 
piston  ring  redesign  to  balance  the  loading  would  improve  the  wear 
characteristics.  The  analysis  was  based  on  a  procedure  outlined  in 
Engineers  Piston  Ring  Handbook,  Rappers  Co.,  Inc.,  which  states  that  for 
a  unit  cross  section  of  the  ring,  the  axial  force  per  circumferential 
inch  (FA>  anJ  the  radial  force  (FR)  can  be  determined  from  the  pressure 
distribution  around  the  sealing  surfaces.  An  illustration  of  this  is 
shown  in  Figure  250.  The  determination  of  Fr  includes  the  utacir.  fric¬ 
tion  effects  from  the  axial  sealing  surface.  A  coefficient  of  friction 
for  Berylco  25  (AMS  4650)  on  either  steel  alloy  (AMS  5735)  or  chrome  plate 
in  the  presence  of  liquid  oxygen  was  assumed  to  be  0.25.  A  ratio  of 
FA/FR  of  less  than  3.0  is  desirable  to  ensure  that  the  piston  ring  will 
not  bind  on  the  axial  sealing  surface. 


(2)  Analysis  Summary 

(a)  As  Designed  Upper  Piston  Ring 

(U)  For  a  given  pressure  differential  (Pjj  -  P^) ,  the  upper  seal  is  loaded 
radially  at  the  following  rate; 

Fr  •*  0.065  (Pr  -  Pt,)  lb /in.  circumference. 

At  a  pressure  differential  of  1000  psi,  the  radial  loading  of  the  upper 
seal  is: 

Fr  *  0.065  (1000)  lb/in.  circumference, 

Fr  “  65  lb/in.  circumference, 
or,  unit  pressure,  UP  »  620  psi. 


(U)  The  upper  piston  ring  demonstrated  acceptable  wear  characteristics 
during  previous  testing  at  a  pressure  differential  of  up  to  1000  psi. 
Therefore,  a  radial  unit  pressure  of  620  psi  and  Fr  *  65  lb/in.  circum¬ 
ference,  were  used  as  design  criteria.  This  seal  to  housing  loading  was 
assumed  to  be  satisfactory  providing  the  valve  housing  is  chrome  plated  to 
0.001  inch  maximum  thickness  to  approach  the  hardness  of  the  valve  sleeve. 


(U)  Table  XXIV.  Force  Wear  Tests 
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(U)  Figure  247.  Wear  Characteristics  of  FD  25590A 

0.0001- Inch  Thick  Chrome  Plate 
(PWA  48) 


StainleM  Steel  (AMS  !HH6 )  Diok  With  0.001  -Inch 
Thick  Chrome  Plate  (PWA  43) 


Berylco  26  (AMS  4660)  Rider 


(U)  Figure  248.  Wear  Characteristics  of  FD  25591A 

0,001-Inch  Thick  Chrome  Plate 
(PWA  48)  251 


Stainless  Steel  (AMS  8646)  Dink  With  0.001-Inch  T.-ick 
Chromium-Molybdenum  Plate  n  »«» 


(U)  Figure  249.  Wear  Characteristics  of 

0 .001 -Inch  Thick  Chromium- 
Molybdenum 


FD  25b 52 A 


Piston  Ring 


High*  ‘Low 


Installation  Configuration  Piston  Ring  Pressure  Distribution 


(U)  Figure  250.  Piston  Ring  Installation  FD  25267 

Configuration  and  Pressure 
Distribution 


wsmm 

(b)  Reworked  Upper  Piaton  Ring 

(U)  The  rework  configuration  of  the  upper  seal  recommended  for  the  wear 
rig  tests  at  pressure  dlt'fa'cenutals  of  up  to  2000  pel  is  shown  in 
Figure  251.  The  radial  and  ueia! , loading  conditions  of  the  design  are: 

%  -  V 

FA  '  °-°"  •  V 

Vfr  '  J-4 

0.32  (P„  -  p, ) 


Therefore,  for  a  pressure  differential  of  2000  psi: 

~  3  64  lb/ in, 

R 

UP  ^  736  psi 

This  unit  pressure  exceeds  the  maximum  design  criteria  of  620  psi,  but 
represents  the  minimum  value  obtainable  using  existing  hardware,  with¬ 
out  reducing  the  sealing  land  below  a  minimum  of  0.035  inch. 

(c)  Reworked  Lower  Piston  Ring 

(U)  The  rework  configuration  of  the  lower  seal  recommended  for  the  wear 
rig  cesfcs  at  pressure  differentials  of  up  to  2000  psi  is  represented  by 
Figure  251.  The  radial  and  axial  loading  conditions  of  this  design  for 
complete  seal  to  housing  contact  are: 


F._  •»  0.039 
1% 

<PH 

V 

Fa  -  0.090 
A 

X 

1 

V 

fa/fr  -  *-3 

0.039 

<PH- 

P  ) 

L . 

0.147 


Therefore,  for  a  pressure  differential  at  2000  psi: 
F_,  -  78  lb/ in. 

Iv 

UF  =  530  psi 


f. 
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Lower  Secondary  Piaton  Ring 


(U)  Figure  25  5..  Pressure  Balance  Piston  Ring  FD  24097 

e.  Cryogenic  Testing 
(1)  Test  Procedures 

(U)  The  preburner  oxidizer  valve  rig  illustrated  in  Figure  252  was  used 
to  evaluate  the  housing  coatings  and  redesigned  piston  rings.  Tests 
were  conducted  on  the  B-22  test  stand,  which  is  shown  in  Figure  253 
The  test  procedures  were  similar  ior  all  four  tests  except  that  for 
Rigs  F-33458-7  and  -3  additional  procedures  were  required  to  determine 
actuation  force  from  the  specially  installed  strain  gages. 

(U)  Piston  ring  leakage  was  measured  from  the  secondary  discharge  valve 
through  the  heat  exchanger  with  the  primary  discharge  valve  closed.  The 
rig  was  cold  soaked  with  LN2  until  the  dome  temperature  was  less  than 
180  R.  With  the  rig  cold,  the  primary  discharge  valve  closed,  and  the 
secondary  discharge  valve  opened,  the  rig  was  cycled  with  a  sine  wave 
input  of  3  to  6  cps.  The  cooldown  procedures  were  repeated  before  each 
cycle  set.  The  cycles  per  set,  stroke  range,  secondary  differential 
pressure  and  valve  position  for  repeating  piston  ring  leakage  were 
recorded  as  shown  in  Table  XXV, 
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(U)  Figure  253.  Schematic  of  Freburner  FD  2215 IB 

Oxidizer  Valve  Rig  Test 
Stand  Installation 

(C)<C)  Table  XXV.  Data  Recorded  During  Tests 


Cyqle 

Set 

Cycles 

Stroke  Range 
(in.) 

Secondary 

AP 

Valve* 

Position 

A 

3334 

0.470  ±  0.050 

10GO 

0.470 

B 

3334 

0,580  ±  0.050 

1500 

0.580 

C 

3334 

0.690  ±  0.050 

2000 

0.690 

*The  valve  positions  for  Rig  F-33469-7B  were  0.450  with  AP  of  1000  psig, 
0.600  with  AP  of  2000  psig,  and  0.750  with  AP  of  1500  psig.  These  points 
were  set  because  the  primary  port  location  did  not  allow  a  position  below 
approximately  0.400-inch  valve  stroke  and  because  the  secondary  port  gave 
a  maximum  approximate  valve  position  of  0.750  inch  where  the  ports 
were  uncovered  thus  providing  a  leakage  path  and  the  required  piston 
ring  AP  was  unattainable. 
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(2)  Cyclic  Endurance  Tcstfi 
(a)  Rig  F-33469-7B 

(C)  Rig  F-33469-7B  had  chrome  coatings  applied  to  the  valve  housing  and 
the  sleeve,  and  had  the  lower  and  upper  piston  ring  pressure  balanced. 
The  valve  nousing  had  a  0.001- inch  thick  precision  chrome  coating  that 
did  not  require  subsequent  machining.  The  sleeve  had  a  0.001-  to 
0.0015- inch  thick  chrome  coating  (per  AMS  2406)  that  required  machining 
to  the  final  dimensions.  The  lower  piston  ring  was  pressure  balanced 
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to  provide  a  unit  bearing  load  of  500  pal  at  2000  paid.  Tha  uppar 
piston  ring  was  proaaura  balancad  to  provtda  a  unit  bearing  load  of 
736  pii  at  2000  paid.  Figure  251  a  hows  both  piston  rings  as  thay  ware 
after  balancing.  Tha  valve  was  cycled  a  total  of  10,000  cycles  and  tha 
piston  ring  leakages  are  shown  in  Figure  254. 


(U)  Figure  254. 


Piston  Ring  Leakage  on 
Rig  F- 33469 -7B 
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(U)  Pretest  and  post -test  views  of  the  housing  are  shown  in  Figure  255. 
The  post-test  view  shows  a  light  BeCu  plate  as  a  result  of  the  cyclic 
wear  of  the  lower  secondary  piston  rings.  Figure  256  provides  pretest 
and  post- test  closeup  views  of  the  housing  area  where  piston  ring  wear 
occurred . 


Protect  Condition 

(U)  Figure  255 


Post-Teat  Condition 


Pretest  and  Post-Test  Condition 
of  the  Housing 
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Poct-Twt  Condition 


PntMt  Condition 

(U)  Figure  256.  Pretest  and  Post-Test  Views  FD  24099 

o£  Housing  Showing  Piston 
Ring  Wear  Area 

(U)  The  upper  secondary  piston  rings  wear  area  is  shown  in  Figure  257.. 
The  wear  pattern  is  characterized  by  a  light  deposit  of  BeCu.  The  wear 
on  the  upper  and  the  lower  BeCu  piston  rings  is  illustrated  by  comparing 
the  pretest  and  post-test  conditions  in  Figures  258  and  259,. 


at  rtfM  g  r  mi? 


Pratoot  Condition  Pott-Tost  Condition 

(U)  Figure  257,  Pretest  and  Post-Test  Condition  FD  24077 
of  Sleeve  Showing  Wear  from 
Upper  Secondary  Pi3ton  Ring 
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Ffttcsi  Condition 
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Post-Test  Condition 

(U)  Figure  258.  Pretest  and  Post-Test  Condition  FD  24100 
of.  Upper  Piston  Ring 


(U)  Figure  259.  Pretest  .,#j|  Post-Test  Condition  FD  24101 
c*  Lower  Pi. ton  Ring 


(U)  A  comparison  enlargement  ol  in*  housing  In  che  pretest  condition 
and  the  threo  sets  of  wear  patterns  uauaed  by  the  lower  secondary  ring 
ie  shown  in  Figure  2<j0.  The  Beryllium  copper  deposits  from  the  cyclic 
endurance  test,  wsre  removed  from  the  valve  and  secondary  sleeve  by 
light- polishing  with  aluminum  oxide. 


2000  psi  AP  *  ,#034  Pretest 

65X  Magnification 


(U)  Figure  260.  Closeup  Views  of  Main  Housing 
Wear 


FD  24102 A 
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(b)  Rig  F-33469-8 

(C)  The  velve  housing  and  sleeve  for  Rig  F-33469-8  had  chrome  coating# 
applied  in  the  same  manner  as  Rig  F-33469-7B.  The  unbalanced  upper  and 
lower  pleton  rings,  shown  in  Figure  261,  provided  unit  bearing  loads 
of  1240  psl  and  990  psi,  respectively  at  2000  pttid. 


0JQ0  la. 


Upper  Secondary  Piston  Ring  Lower  Secondary  Piston  Ring 


(U)  Figure  261.  Unbalanced  Piston  Rings  FD  24973 

(C)  The  rig  was  subjected  to  a  6666-cycle  endurance  test  at  IN2  tem¬ 
peratures.  The  test  was  terminated  after  6666  cycles  because  of  insuf¬ 
ficient  actuation  forc«  at  the  2000-pai  AP  level.  Piston  ring  leakages 
were  measured  with  GN2  at  the  various  valve  positions  and  are  shown  in 
Figure  262. 


Piston  Ring  Leakage  on 
Rig  F-33469-8 
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(U)  Figure  262. 
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(U)  Figure  263.  Pretest  and  Post-Test 
Condition  of  Housing, 
Rig  F-33469-8 


FD  24975 
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ftwot  Condition  P.*t-Twt  Condition 

(U)  Figure  264.  Pretest  and  Post-Test  tews  FD  i*' 

of  Housing  Showing  Piscoi 
Ring  Wear  Area,  Rig  F-33469-ti 


(U)  The  overall  pr« test  and  post-test  view*  of  the  bousing  shown  in 
Figure  263  shows  '»  light  BeCu  plate  resulting  from  wear  of  the  lower 
secondary  piston  ring.  E igure  264  shows  a  pretest  and  post-test  closeup 
of  this  wear  area. 


N  >*!»*  *  fUm 

Pratert  Condition  Pott-Tart  Condition 

(U)  Figure  267.  Pretest  and  Post-Test  FD  24978 

Condition  of  Lower  Piston 
Ring,  Rig  F-33469-8 

(c)  Rig  F- 33458 -7 

(C)  The  Rig  F-33458-7  valve  housing  had  0.001-inch  thick  tnclychrotnic 
costing  applied  without  subsequent  machining.  The  sleeve  was  chrome 
plated  0.001-  to  0.0015-inch  thick  (per  AMS  2406)  and  ground  to  the  final 
dimensions.  The  unbalanced  upper  and  lower  piston  rings,  shown  in  Fig¬ 
ure  261,  provided  unit  hearing  loads  of  1240  psi  and  990  psi,  respectively, 
at  2000  pa i.  The  valve  was  cycled  a  total  of  10,000  cycles  and  the 
piston  ring  leakages  are  shown  in  Figure  268. 


(U)  Figure  268.  PJston  Ring  Leakages  on 
Rig  F-33438-7 
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(U)  The  overal!  pretest  and  post-test  views  of  the  housing,  ahrvn  (n 
Figure  269,  show  n  light  BeCu  plate  resulting  from  wear  of  th"  lower 
secondary  piston  ring.  Figure  270  shows  a  pretest  and  post-test  clos 
of  this  wear  area.  The  wear  pattern  of  tne  lower  piston  ring  n  the 
valve  he  using  indicates  a  surface  waviness  condition  that  compounded 
the  apparent  piston  ring  wear  by  increasing  the  unit  loading 


H  7**s«  h  urn 

Pretest  Condition  Post-T  est  Condi*,  n 

(U)  Figure  269.  Pretest  and  Post-Tert  rP  24979 

Condition  of  Housing, 

Rig  F- 33458 -7 


ft  .**3*  «  OTW 

Pretest  Condition  Post-Test  Condition 


(UT  Figure  270.  Pretest  and  Post-iest  Views 

of  Housing  Showing  Piston  Ring 
Wear  Area,  Rig  F-33458-7 
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(U)  The  pretest  and  post-test  upper  secondary  piston  ring  uaear  area  is 
shown  in  Figure  271.  The  wear  pattei*n  Is  characterized  by  a  light 
deposit  of  BeCe.  The  wear  on  the  upper  and  lower  BeCu  piston  rings 
can  be  seen  by  competing  to  the  pretest  and  post-test  condition  in 
Figures  .272  and  273,  respectively. 


hi  mm o  "  rtm 

Prttsst  Condition  Post-Test  Condition 

(U)  Figure  271.  Pretest  and  Post-Test  FD  24981 

Condition  o£  Sleeve  Showing 
Wear  from  Upper  Secondary 
Piston  Ring,  Rig  F-33458-7 


n  7m»  n  in  j# 

Pretest  Condition  Post-Test  Condition 

Pretest  and  Post-Test 
Condition  of  Upper  Piston 
Ring,  Rig  F-33458-7 
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(U)  Figure  272. 
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(U)  Figure  273.  Pretest  and  Post-Test  FD  24983 

Condition  of  Lower  Pi3ton 
Ring,  Rig  F-33458-7 


(U)  The  actuator  shaft  and  the  secondary  sleeve  shaft  were  strain  gaged 
by  the  Material  Development  Laboratory  of  FRDC  to  determine  force  require 
ments  of  the  valv<»  The  results  are  shown  in  Figure.  274. 


VALVE  AT  -  p’l 


(li)  Figure  274.  Rig  F-33458-7  Actuation  DFC  65290 

Force  Requirements  During 
Cycle  Endurance 
267 

COMENTIAL 


(d)  Rig  F-33458-8 
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(C)  The  valve  housing  and  sleeve  for  Rig  F-33458-8  had  coatings  applied 
in  the  same  manner  as  Rig  F-33458-7.  The  balanced  upper  and  lower 
piston  rings,  shown  In  Figure  251,  provided  unit  bearing  loads  of 
736  psl  and  500  psi,  respectively,  at  200C  paid.  The  valve  was  cycled 
a  total  of  10,000  cycles  and  the  piston  ring  leakages  are  shown  in 
Figure  275. 

(U)  The  overall,  post-test  view  of  the  housing  shown  in  Figure  275  shows 
a  light  BeCu  plate  due  to  wear  of  the  lower  secondary  piston  ring. 

Figure  277  shows  a  post- test  closeup  of  this  wear  area. 

(U)  The  post-test  upper  secondary  piston  ring  wear  area  is  shown  in 
Figure  278.  The  wear  pattern  is  characterized  by  a  light  deposit  of 
BeCu.  The  wear  on  the  upper  and  lower  BeCu  piston  rings  is  shown  in 
Figures  279  and  280  respectively. 

(U)  The  actuator  shaft  and  the  secondary  sleeve  shaft  were  strain 
gaged  by  the  Materials  Development  Laboratory  of  FRDC  to  determine 
force  requirements  of  the  valve.  The  results  are  shown  in  Figure  281. 

3.  Translating  Seal  Rig  F-33435 

a.  introduction 

(C)  It  was  desired  to  reduce  the  seal  package  size  of  the  preburner 
oxidizer  valve  by  eliminating  one  shaft  seal  and  changing  the  seal 
configuration  to  a  Kapton-Tef Ion  lip  seal.  To  determine  the  best 
laminate  for  sealing  translating  shafts,  five  10,000-cycle  endurance 
tests  were  conducted. 

b.  Summary,  Conclusions,  and  Recommendations 

(U)  The  KTTTK.  (a  five  layer  laminate  of  Kapton  and  Teflon  with  the  outer 
layerr  being  Kapton)  laminate  used  in  Build  10B  did  not  exceed  the  vent 
shaft  seal  limit  of  10  sees  as  shown  in  Figure  282;  nowever,  the  same  lami¬ 
nate  tested  on  Build  14  had  wear  of  the  Teflon  inner  layer.  An  additional 
laminate  of  Kapton  on  the  shaft  should  eliminate  wear  of  the  Teflon  inner 
layer.  The  test  results  obtained  fro..’  Build  12,  which  was  conducted  with 
a  KKTTK  laminate,  were  doubtful  because  of  a  one  day  delay  that  may  have 
resulted  in  rig  icing  and  a  boil-off  problem.  A  laminate  configuration 
of  KKTTK  is  recommended  for  application  at  the  primary  and  vent  shaft 
seal  locations.  The  primary  shale  seal  leakages  »r*  she  wn  in  Figure  233. 

(U)  A  secondary  test  was  conducted  as  Build  13B  to  determine  the  effect 
of  inlet  pressure  on  leakages.  As  shown  in  Figures  284  and  285  the 
inlet  pressure  effect  will  be  negligible. 

(U)  Because  of  the  high  leakage  shown  in  Figure  286,  a  lip  seal  is  not 
recommended  for  the  balance  piston.  The  Omni  seal  (glass-filled  Teflon) 
tested  during  Phase  I  (Contract  AF04 (611) -11401)  had  better  wear  character¬ 
istics  and  lower  leakage. 
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Uoper  Piston  Ring,  Lower  Piston  Ring, 

Rig  F-33458-8  Rig  F-33458-8 
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(U)  Figure  231.  Rig  F-33458-8  Actuation  DFC  65294 

Force  Requirements  During 
Cycle  Endurance 
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(U)  Figure  284.  Translating  Seal  Test  Rig  Leakage  vs  Inlet  Pressure  (Stationary  Shaft)  DFC  &8280 


(U)  Figure  285.  Translating  Seal  Test  Rig  Leakage  vs  Inlet  Pressure  (Translating  Shaft)  DFC  68281 
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(U)  Because  of  Che  high  leakage  shown  In  Figure  286,  an  OB  pealing  lip 
seal  Is  net  recommended  for  the  balance  piston.  The  ID  sealing  lip  seal 
Is  designed  so  It  will  soal  around  a  shaft  that  translates  through  it. 

This  application  provides  a  uniform  radial  stretch  about  the  surface 
where  sealing  is  desired.  In  the  opposite  application  where  the  OD  of 
a  lip  seal  is  used  for  the  sealing  surface,  the  seal  is  held  by  the 
translating  shaft  and  sealing  is  obtained  on  the  housing  bore.  The  OD 
of  the  lip  seal  tends  to  gather  and  provide  a  scalloped  sealing  surface. 
Therefore,  ID  sealing  lip  seals  should  be  used  for  the  balance  pist'm 
as  well  as  the  actuator  shaft. 

c.  Hardware  Description 

(1)  Translating  deal  Rig 

(U)  The  translating  seal  rig  was  designed  to  evaluate  lip  seals  for 
application  to  high  pressure,  cryogenic  translating  shaft  and  piston 
applications.  The  rig  duplicates  the  preburner  oxidizer  valve  shaft 
and  housing  configuration  designed  during  Phase  1  (Contract  AF04(611) - 11401) . 
An  exploded  view  of  the  rig  is  shown  in  Figure  287.  The  test  rig  is  trans¬ 
lated  a  total  stroke  of  1,375  Inches  at  a  rate  of  1  cps  by  a  pneumatically 
actuated  piston. 

(2)  Shaft  Lip  Seals 

(C)  Tests  of  this  type  seal  in  a  rotary,  1.000- inch  shaft  seal  rig  at 
12*2  temperature  and  6000  psig  GN2  pressure  during  Phase  I  (Con¬ 
tract  AF04(6il)-11401)  showed  maximum  primary  and  vent  shaft  (axial) 
leakages  of  0.37  sees  and  less  than  0.008  sees,  respectively,  after 
10,000  shaft  cycles.  Static  (radial)  leakages  were  less  than  1.4  sees. 

This  sealing  effectiveness  allows  a  reduction  in  the  number  of  seals 
required  for  shaft  sealing  and  eliminates  separate  static  seals  in  the 
seal  package  because  the  lip  seal  seals  radially  as  well  as  axially. 


-OC  009* 


(U)  Figure  287.  Translating  Seal  Test  Rig  FE  76099 
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(li)  Scaling  down  the  rotary  lip  seals  resulted  In  a  1.098- inch  OD, 
0.600-inch  ID,  0.023-inch  thick  ueal  of  laminated  layers  of  0.005-inch 
FEP  Teflon  and  0.005-inch  Kapton.  The  stacking  of  these  materials  "as 
varied  during  testing  to  determine  the  beat  combination. 

(U)  The  shaft  seal  package  is  illustrated  in  Figure  288.  The  primary 
3eal  antiextrusion  backup  leaves  0. 001-inch  clearance  between  the  seal 
gland  and  the  shn  t.  The  secondary  seal  is  forced  against  the  shaft  by 
the  primary  gland  configuration,  thuo,  acting  as  a  bearing  for  the 
floating  seal  package.  This  prevents  metal-to-metal  contact  between 
the  primary  gland  and  rig  shaft. 


SHAFT  UP  SEAL  PACKAGE  BALANCE  PISTON  UP  SEAL  PACKAGE 


(U)  Figure  288.  Shaft  Seal  Package 


FD  24331 C 


(3)  Piston  Seal  Package 

(U)  The  initial  design  dimensions  of  the  piston  lip  seal  were  0.715-inch 
OD,  0.353-inch  ID,  and  0.025-inch  thick.  Material  was  laminated  FEP 
Teflon-Kapton.  The  piston  seal  package  is  illustrated  in  Figure  288. 

The  sleeve  shown  in  Figure  288  was  added  to  give  the  seal  a  backup 
during  forming  and  force  the  seal  against  the  segment  bore  so  that  it 
acts  as  a  bearing  and  prevents  the  seal  gland  and  shaft  piston  from 
making  metal-to-metal  contact  with  the  segment  bore. 

d.  Seal  Laminate  Fabrication 


(U)  The  lip  seals  are  fabricated  from  FEP  Teflon  and  500F-131  Kapton 
0.005-inch  thick  sheet  stock.  The  500F-131  Kapton  consists  of  a  0,003-inch 
sheet  of  type  F  Kapton  with  0.001-inch  thickness  of  FEP  Teflon  on  each 
side.  The  following  procedure  outlines  the  fabrication  process: 


1.  Individual  seal  laminates  are  cut  with  a  2.5-inch  diameter 
cutting  tool. 
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The  laminates  and  molding  t  'i?!#  are  s  nlc  (  leaned  In 
trichlorethy lcne  at  l 70“ F . 

3.  The  desired  laminate  stackup  Is  placed  in  a  mole  housing 
as  shown  in  Figure  289.  TFE  Teflon  sheet  stock  0.005-lr,ch 
thick  is  placed  between  trie  individual  seals  and  the  mold 
housing  to  prevent  bonding, 

4.  A  weight  is  placed  on  the  mold  plunger  to  provide  1C  psi 

unit  loading,  and  the  seals  are  baked  at  525^1  10°F 

for  1  hour. 

5.  The  seal  blanks  are  removed  and  separated  by  peeling  off 
the  TFE  Teflon  separators.  Individual  seals  are  then  cut 
by  dies. 


Do»d 
Wei| 

Tb  Provide 
•  Ui 
Load  of 
10  pei  - 


Lip  Sea 
Blanks 


TFE  Teflon 
Separators 


Mold  Housing 


(U)  Figure  289.  Lip  Seal  Mold 


FD  24092 


c.  Endurance  Tests 

(C)  Five  10,0C0  cycle  endurance  tests  were  conducted  to  evaluate  the 
laminated  lip  seals.  The  test  results  are  summarized  in  Table  XXVI. 

A  coding  is  used  to  identify  the  seal  conf iguration.  A  KTTTK  laminate 
is  two  0.005-inch  thick  sheets  of  Kapton  and  three  0.005-inch  thick 
sheets  of  Teflon.  The  material  next  to  the  dynamic  sealing  surface 
is  identified  first. 


(1)  Build  10B 

(U)  This  build  incorporated  the  same  seal  construction  and  laminate 
used  in  Build  10A;  however,  cne  balance  piston  seal  had  an  increased 
seal  lip. 
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(C)(U)  Table  XXV ; i.  Summary  of  Test  i’.e'-tits 

T««t  Number  SmI  HomIwuw  Leakage  S*,t  W**r  After  Sumbet 

Conltgui atlor  Recorded  During  feat  (sect)  Teat  (grams)  of 


Balance 

PriiMry 

Vent 

ft* lane a 

PriiMry 

Vent 

8*Unr* 

PrliMiy 

Vent 

Cyc 

33435- 10A 

XTTTK 

LIT  IK 

KTTtK 

VamlnatiKl  Teat 

Terminated  T«t 

33435- 10* 

KTTTK 

XYfTK 

KTTTK 

3400 

7» 

2.4 

0,00127 

0.002  715 

0.000701 

10,000 

33435-11 

TTK 

TTTKK 

TTTKK 

2100 

660 

200 

0.001648 

0.00029 

0.000751 

10,000 

33435-12 

KTK 

KKTTK 

KKTTK 

101)0 

70 

28 

0.011065 

0.007348 

0.000941 

10,000 

33435-13 

KTT 

KTT 

KTT 

1800 

140 

11.5 

0.007721 

0.001625 

no  wear 

10,000 

33435-14 

KTK 

KTTTK 

KTTTK 

2100 

1350 

«4 

0.007877 

0.W078 

0.002012 

10,030 

Tine  maximum  allowable  vent  teal  leakage  la  10  acc*.  Balance  piaton  and  primary  u«ftl  Tea' ag«n  are  vented 
to  controlled  areaa. 


(C)  A  total  of  10,000  shaft  cycles  and  500  pressure  cycles  with  the  rig 
at  LN2  temperatures  was  completed.  The  rig  inlet  pressure  was  maintained 
at  5900  to  6000  psig  GN2  except  during  pressure  cycling.  The  leakages 
from  the  test  are  corrected  to  a  nominal  6000  psig  inlet  pressure  and 
are  shown  in  Figure  290. 

(U)  Teardown  inspection  revealed  the  following: 

1.  The  primary  shaft  lip  seal  had  fatigue  cracks  and  slight 
wear  on  the  lip,  as  shown  in  Figure  291. 

2.  The  vent  shaft  lip  seal  exhibited  little  wear,  as  shown 
in  Figure  292. 

3.  The  balance  piston  lip  seal  exhibited  little  wear,  as 
shown  in  Figure  293. 

(2)  Build  11 

(U)  The  primary  and  vent  seals  tested  were  TTTKK  and  the  balance  piston 
seal  was  TTK.  The  balance  piaton  seal  incorporated  a  thinner  seal 
laminate  and  an  increased  seal  lip  as  compared  to  the  configuration 
tea  Led  in  Build  10B. 

(C)  A  total  of  10,000  shaft  cycles  and  500  pressure  cyclea  with  the  rig 
at  LN2  temperatures  was  completed.  The  rig  inlet  pressure  was  maintained 
at  5900  to  6000  psig  GN2  except  during  pressure  cycling.  The  leakage 
from  the  test  are  corrected  to  a  nominal  6000  psig  inlet  pressure  and 
are  shown  in  Figure  294. 
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,  Shaft  Lip  Seal  FE  76263  (U)  Figure  292.  Vent  Shaft  Lip  Seal  FE  76264 


Translating  Seal  Test  Rig  Leakage 


i  !  i ;  iiVI 


(U)  Teerdown  inspection  revealed  the  following; 

1.  The  primary  shaft  lip  seal  showed  moderate  wear.  (See 
Figure  295.) 

2.  The  vent  shaft  Up  seal  showed  slight  wear.  (See  Fig¬ 
ure  296.) 

3.  The  balance  piston  lip  seal  showed  very  little  wear. 
(See  Figure  297.) 


(U)  Figure  295.  Primary  Shaft  Lip  Seal  FE  75904 

After  Test  of  Build  11 
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(3)  Build  12 


(U)  The  primary  and  vent  raala  tested  wet a  KKTTK  and  balance  piston  seal 
van  KTK, 

(C)  A  total  of  10,000  shaft  cycle*  and  500  pressure  cycle*  with  the  rig 
at  1^2  temperatures  was  completed.  The  rig  Inlet  pressure  was  maintained 
at  5900  to  6000  psig  GU2  except  during  pressure  cycling.  The  leakages 
from  the  test  are  shown  In  figure  298.  At  7000  cycles  the  test  was  stopped 
and  the  rig  allowed  to  warm  to  ambient ,  When  the  test  was  resumed,  a  step 
Increase  in  the  balance  piston  leakage  was  observed,  which  may  have  been 
caused  by  icing  in  the  rig.  At  some  points  the  vent  leakage  was  above 
primary  leakage  Indicating  belief f  in  the  vent  lines. 

(O)  A  t.eardown  inspection  revealed  the  following: 

1.  The  primary  shaft  lip  seal  showed  moderate  wear.  (See 
Figure  299.) 

2.  The  vent  shaft  lip  seal  showed  slight  wear.  (See  Fig¬ 
ure  300.) 

3.  The  balance  piston  lip  seal  showed  moderate  Wear.  (See 
Figure  301.) 

(A)  Build  13 

(U)  All  seals  tested  were  KTT  laminate. 

(C)  A  total  of  10,000  shaft  cycles  and  500  pressure  cycles  with  the  rig 
at  LN2  temperatures  was  completed.  The  rig  inlet  pressure  was  maintained 
at  5900  to  6000  psig  GN2  except  during  pressure  cycling.  The  leakages 
from  the  test  are  shown  in  Figure  302.  Balance  piston  seal  leakage  shows 
a  degradation  as  a  function  at  cycles  indicating  the  affects  of  wear.  Vent 
seal  leakage  exceeded  the  10  sees  limit  at  only  one  data  point  during  the 
test. 

(U)  A  teardown  inspection  revealed  the  following: 

1.  The  primary  shaft  lip  seal  showed  moderate  wear.  (See 
F igure  303 . ) 

2.  The  vent  shaft  lip  seal  showed  slight  wear.  (See  Fig¬ 
ure  304 . ) 


3.  The  balance  piston  lip  seal  showed  heavy  wear.  (See 
Figure  305.) 
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(U)  Figure  301.  Balance  Piston  Lip  FE  76477 

Seal  After  Test  of 
Build  12 
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(  5)  Build  14 


(U)  The  primary  and  vent  Shaft  seals  tested  were  KTTTK  and  the  balance 
piston  was  KTK.  This  test  was  conducted  with  the  stand  configuration 
as  shown  in  Figure  306.  The  test  procedure  prevents  a  buildup  of  liquid 
in  the  seal  vent  lines  by  maintaining  a  vacuum  on  the  lines  at  all  times. 


f.  Test  Sunmary 


(C)  A  total  of  10,000  shaft  cycles  and  375  pressure  cycles  with  the  rig 
at  LN2  temperatures  was  completed.  The  rig  inlet  pressure  was  maintained 
et  5900  to  6000  psig  GN2  except  during  pressure  cycling.  The  pressure 
cycles  at  the  8000  cycle  point  were  omitted  because  primary  lip  seal 
leakage  was  excessive  (above  5000  sees)  during  pressured  cycles.  Seal 
wear  produced  some  shredded  material  that  lodged  between  the  sealing 
surface  and  shaft  during  pressure  cycling.  The  leakages  are  shown  in 
Figure  307. 


FE  77098 


(U)  Figure  305. 


Balance  Piston  Lip 
Seal  After  Test  of 
Build  13 
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(U)  A  teardown  inspection  revealed  the  following: 

1.  The  primary  shaft  lip  seal  showed  heavy  we*.r.  (See  Fig¬ 
ure  308.) 

2.  The  vent  shaft  lip  seal  showed  slight  wear.  (See  Fig¬ 
ure  309.) 

3.  The  balance  piston  lip  seal  showed  heavy  wear.  (See 
Figure  310.) 


(U)  Figure  306.  Plumbing  Schematic  for  FD  24986A 

Testing  Build  14 
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CYCLES  (Thousands) 


(U)  Figure  303.  Primary  Shaft  Lip  Seal 
After  Test  of  Build  14 
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4.  Static  Seals 


a.  Introduction 

(U)  During  seal  rig,  component,  and  staged  combustion  rig  testing  con¬ 
ducted  during  Phase  I  (Contract  AF04(6ll)-li401) ,  excessive  overboard 
static  seal  leakage  was  experienced.  The  measured  overboard  primary  seal 
leakage  at  maximum  thrust  during  the  staged  combustion  rig  test  firings 
was  equivalent  to  an  impulse  loss  of  approximately  2  seconds,  and  some 
additional  uncontrolled  overboard  leakage  was  visible.  Static  pressure 
tests  on  the  main  chamber  oxidizer  valve  indicated  that  the  leakage 
problem  was  aggravated  by  excessive  flange  separation  and  inadequate 
static  seals. 

(C)  During  this  report  period,  under  the  current  demonstrator  engine 
design  program,  hydrostatic  test  rigs  with  high-pressure  joints  were 
designed  and  tested.  These  rigs  did  not  incorporate  double  seals  with 
interseal  vents  because  of  the  attendant  weight  penalty.  The  design 
goal  for  the  rigs  was  for  zero  axial  deflection  at  the  seal  diameter 
with  7500  psig  internal  pressures  at  liquid  nitrogen  temperature. 

Neither  of  the  hydrostatic  test  rigs  met  the  deflection  criteria,  but 
agreement  with  finite  element  computer  program  predictions  was  satis¬ 
factory.  The  computer  program  model  was  improved  to  provide  a  good 
stress  and  deflection  analysis  capability  for  the  seal  rigs  to  be  designed 
under  the  component  development  phase  of  this  program. 

b.  Summary,  Conclusions,  and  Recommendations 

(U)  Supporting  data  for  satisfactory  seal  rig  design  was  accomplished 
during  this  phase.  The  finite  element  computer  program,  as  adapted 
to  coupling  analysis,  will  be  satisfactory  for  optimizing  coupling 
flanges. 

(U)  It  Ls  recommended  that  static  seal  test  rigs  be  designed  for  the 
minimum  deflection  consistent  with  the  demonstrator  engine  weight  goals. 

The  finite  element  computer  program  should  be  used  to  analyze  all  demon¬ 
strator  engine  flanges  to  limit  deflection  to  the  values  selected  ior 
the  static  seal  test  rigs.  Both  axial  and  radial  type  static  seals 
should  be  procured  and  tested  in  the  rigs  designed  under  the  component 
development  phase  of  this  program. 

c.  Design  Analysis 

(U)  During  this  report  period,  the  primary  effort  was  expended  on  obtaining 
information  for  a  high  pressure  static  seal  rig  design.  Several  initial 
configurations  were  sketched  for  specialized  flange  and  seal  combinations 
before  calculation  difficulties  indicated  that  design  effort  should  be 
concentrated  on  basic  coupling  configurations  with  analysis  directed 
toward  minimum  weight  and  deflection  with  demonstrator  engine  materials. 

(U)  A  6-inch  diameter  aluminum  (AMS  4127)  pipe  coupling  was  chosen  for 
analysis  because  of  its  relatively  poor  deflection  characteristics  when 
compared  to  those  of  the  same  diameter  steel  or  smaller  diameter  aluminum 
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or  steel  couplings,  A  high-pressure  coupling  design  analysis  of  five 
basic  coupling  types  was  completed.  The  conf tguratlons  that  were  con¬ 
sidered  are  shown  as  sketches  A  through  E,  In  Figure  31.1.  Basic  ground 
rules  for  the  analyses  were  as  follows: 

1.  Standard  design  criteria  for  the  engine  with  regard  to 
allowable  stresses,  weight,  etc.,  were  to  be  followed. 

2.  Pipe  and  coupling  designs  were  based  on  stress  limits 
for  axial  (blowoff)  and  hoop  loads  only.  No  vibration 
or  mechanical  bending  load  factors  were  added. 

3.  All  couplings  were  assumed  to  have  a  perfect  seal  (not 
deflection  limited)  at  the  coupling  inside  diameter. 

(C)  The  results  of  the  coupling  spring  rate  deflection  calculations, 
as  shown  In  Figure  312,  indicated  that  Increasing  the  number  of  bolts 
had  a  minor  effect  on  bolted  coupling  overall  spring  rate,  whereas 
weight  increase  was  significant.  Calculations  to  determine  the  initial 
clamping  load  required  for  each  of  the  couplings  to  provide  and  maintain 
a  minimum  of  460  lb/in.  seal  load  at  7500  psi  resulted  in  the  clamping 
load  to  blowoff  load  ratio  (Fc/F/J  values  shown  in  Figure  31 l  (sketches  A 
through  E) .  Aside  from  the  impracticality  of  attempting  to  obtain  such 
h*gh  clamping  loads,  the  numbers  indicated  that  some  method  of  improving 
the  clamping  load  transfer  to  the  seal  area  was  required. 

(U)  Sketches  F  through  I  in  Figure  311  show  some  methods  of  providing 
this  seal  force,  while  sketch  J  shows  a  pressure-assisted  coupling 
intended  to  maintain  seal  load  when  flange  deflection  is  present. 

Another  method,  not  shown,  of  providing  more  effective  seal  loading 
would  be  to  move  the  seal  closer  to  the  clamping  load  circle.  In  this 
case,  part  of  the  Improved  load  transfer  advantage  would  be  lost  because 
of  the  increased  blowoff  lead.  No  detailed  analyses  of  these  or  other 
variations  frem  standard  flat  flange  couplings  have  been  completed,  so 
no  clear  choice  of  coupling  type  for  high  pressure  test  was  possible. 

The  apparently  obvious  advantages  and  disadvantages  of  each  coupling 
type  for  engine  application  were  considered,  and  the  small  bolt  flanged 
coupling  was  selected  for  detailed  analysis  and  initial  seal  rig  design. 
Analysis  required  for  optimizing  the  flange  configuration  cr  seal 
location  to  provide  satisfactory  seal  load  characteristics  over  the 
full  pressure  range  was  undertaken  as  primary  effort. 

(U)  A  study  computer  program  was  developed  to  analyze  proposed  coupling 
rig  designs  for  stress  and  deflection  characteristics.  Initial  rig 
designs  were  found  to  be  unsuitable  for  the  intended  application.  A 
6-inch  alumin-im  hydrostatic  coupling  stress  and  deflection  test  rig 
was  then  designed  to  evaluate  the  computer  program  predictions.  Con¬ 
currently,  a  finite  element  computer  program  developed  for  disk  analysis 
was  modified  for  coupling  analysis. 

(U)  A  reanalysis  of  the  hydrostatic  aluminum  coupling  layout  using  this 
deck  on  the  IBM  360  computer  resulted  in  lewer  predicted  maximum  flange 
stresses  and  higher  deflections  than  the  previous  program. 
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(U)  Figure  311,  Coupling  Configurations  FD  25605A 


(10  Figure  312.  Predicted  Coupling  Deflection  DF  68872 
at  Seal  vs  Weight 

(0)  Cantilever  and  simple  beam  flange  seal  loading  schemes  were  then 
analysed  using  the  computer  programs.  This  analysis  indicated  that 
the  cantilever  design  would  be  lighter  than  the  simple  beam  designs 
for  the  same  deflection  limit.  A  cantilever  flange  rework  of  the 
initial  flat  faced  flange  test  rig  was  designed  end  added  to  the  test 
rig  layout. 
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(U)  As  testing  of  the  hydrostatic  rig  progressed,  the  computer  programs 
were  revised  to  improve  agreement  with  the  test  results. 

<U)  An  additional  flange  design  analysis  based  on  shear  center  theory 
was  completed.  The  application  of  this  theory  is  that  the  load  must 
pass  through  the  shear  center,  or  center  of  flexure  to  prevent  twisting. 
Preliminary  calculations  indicated  that  the  shear  center  design  would 
improve  flange  stiffness  but  would  probably  be  more  bulky  than  a  con¬ 
ventional  flange  design.  Further  analysis  of  the  shear  center  flange 
design  calculations  indicated  that  effective  coupling  weight  reduction 
by  removing  flange  material  that  is  not  highly  stressed  may  be  possible 
without  significantly  affecting  flange  stiffness. 

d.  Testing 

(1)  Flange  Tests 

(U)  Hydrostatic  flange  test  rig  housings  and  bolts  were  procured  and 
delivered  to  the  Materials  Development  Laboratory  for  assembly  and 
testing.  Rig  35120,  Build  2  (Build  1  was  used  to  test  main  chamber 
oxidizer  valve  inlet  and  outlet  flange  seals)  was  assembled  as  shown 
in  Figure  313.  Stresscoat  was  used  to  determine  strain  gage  locations. 
Sixteen  bi-axial  strain  gage  rosettes  were  installed  on  the  interior 
and  exterior  of  the  test  rig  according  to  the  stresscoat  patterns 
(Figure  314).  Preliminary  Materials  Development  Laboratory  tests 
indicated  that  X-ray  inspection  would  be  feasible  to  determine  flange 
separation  during  the  hydrostatic  tests.  A  review  of  the  X-ray  tech¬ 
niques  revealed  that  separation  at  various  radii  could  be  measured  if 
actual  separation  was  known  at  one  or  more  points.  Consequently, 
magnetic  proximity  probes  (Figure  315)  were  used  to  determine  housing 
deflections  at  two  points.  The  hydrostatic  test  rig  was  then  assembled 
for  testing.  Six  of  the  coupling  bolts  were  strain  gaged  and  calibrated 
for  strain  at  the  required  load.  All  other  bolts  were  then  torqued 
sufficiently  to  obtain  the  average  stretch  obtained  for  the  instrumented 
bolts.  Assembly  torque  variation  was  too  great  to  be  useful  for  specific 
load  application.  During  the  test,  readouts  from  alL  internal  strain 
gages  were  lost  due  to  potting  material  creep.  The  external  strain 
gages  and  the  proximity  probes  operated  satisfactorily. 

(C)  Maximum  axial  tensile  stress  of  58,200  psi  (Q.9%  strain)  occurred 
in  the  flange  radius  at  strain  gage  rosette  location  11  (Figure  314) 
under  5300  psig  internal  pressure.  Maximum  axial  tensile  stress  of 
31,700  psi  (elastic)  occurred  in  the  straight  wall  section  at  strain 
gage  rosette  location  6  under  5300  psig  internal  pressure.  Hoop  stress 
at  this  point  was  25,000  psi  tension.  The  flanges  began  to  separate 
at  2500  psig  internal  pressure  where  internal  pressure  blow-off  load 
was  approximately  25%  of  the  assembly  bolt  load.  Maximum  flange 
separations  at  the  inside  diameter  wall  and  seal  groove  were  0.025  inch 
and  0.018  inch,  .respectively,  under  5300  psig  internal  pressure. 
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(U)  Figure  315.  Magnetic  Proximity  Probe  FD  25607 

Locations  Rig  35120-2 

(U)  The  hydrostatic  test  rig  data  Indicated  reasonably  good  agreement  with 
the  finite  element  computer  program  predictions  for  both  stress  and  deflec¬ 
tion  as  shown  in  Figure  316.  The  program  was  revised  to  improve  matching 
by  expansion  to  Include  both  coupling  members,  multipoint  bolt  loading,  and 
consideration  of  the  effects  of  the  bolt  holes.  The  revised  model  was  used 
to  predict  stress  and  deflection  of  a  cantilevered  flange  coupling. 

(C)  The  hydrostatic  test  rig  flanges  were  reworked  to  the  cantilevered 
design  configuration  for  Rig  35120-3.  Sixteen  strain  gages  and  six 
proximity  probes  were  installed,  as  shown  in  Figure  317,  and  the  rig 
was  assembled  for  test.  Hydrostatic  pressure  testing  was  Conducted  at 
ambient  temperature  up  to  5300  psig.  Bolt  loads  were  nearly  constant 
and  deflection  at  the  inside  diameter  was  essentially  as  predicted  by 
the  finite  element  program  (Figure  318). 

(C)  Maximum  indicated  axial  tensile  stress  (above  yield)  occurred  in 
the  flange  radius  at  strain  gage  rosette  location  5  (Figure  317).  The 
flanges  did  not  separate  under  5300  psig  internal  pressure  but  pivoted 
at  the  raised  face  outer  diameter  so  that  deflection  at  the  seal  diameter 
reached  a  value  of  approximately  0.004  inch.  Maximum  flange  separation 
at  the  inside  diameter  wall  was  0.008  inch  at  this  pressure. 

(C)  Review  of  the  stress,  load,  and  deflection  curves  for  the  cantilevered 
flange  hydrostatic  pressure  test  rig  revealed  that  maximum  surface  stresses 
(below  yield)  near  the  flange  were  still  somewhat  below  the  finite  element 
program  predictions  but  agreement  was  Improved  as  shown  in  Figure  319. 

Both  bolt  loads  and  proximity  probes  indicated  flange  separation  was 
imminent  at  the  maximum  pressure  applied  but  bolt  load  was  nearly  con¬ 
stant  up  to  that  point.  Bolt  loads  were  then  reduced  to  approximately 
40QU  pounds  and  the  rig  was  pressurized  to  3800  psig.  Bolt  loads 
remained  essentially  constant  up  to  3000  psig  and  calculated  joint 
efficiency  (blowoff  load/bolt  load)  was  essentially  the  same  as  in  the 
previous  test. 
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(U)  Figure*  318.  Axial  Deflection  et  ID  DFC  88870  (U)  Figure  319.  Co< 

of  Flange  Rig  35120-3  ar 


